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The theory of strong interactions, Quantum Chromodynamics, has predicted that at 
extreme temperature and/or energy density strongly interacting matter will undergo 
phase transition from a state of hadronic constituents to de-confined state of matter 
in which quarks and gluons are essentially free. The new state is referred to as quark 
- gluon plasma. The main objective of studying ultra - relativistic heavy - ion col-
lisions is to investigate the charactristics of quark - gluon plasma in the laboratory 
at extreme conditions of temperature and energy density. This is possible in the 
collision of two heavy nuclei at ultra - relativistic energies. The resulting small and 
short lived droplets of the hottest and the densest medium can be studied indirectly 
by investigating the signals of its formation. 
In heavy - ion collisions at ultra - relativistic energies, collisions between nucleons 
occur and nucleons loose most of their energies and consequently a region of high 
energy density is created. It is worthmentioning that high energy deposition is envis-
aged to give rise to creation of a fireball of quarks and gluons in a de-confined state. 
However, it is not possible to observe directly the products of phase transition. The 
produced matter may be in the QGP phase. The particles which arise from the inter-
actions between the constituents of the plasma will provide information regarding the 
state of the plasma. Various kind of signals of QGP formation have been proposed. 
Some of the proposed signals are discussed. 
The results obtained at Super Proton Synchrotron (SPS), CERN in Pb -Pb cen-
tral collisions at 158A GeV/c and Relativistic Heay - Ion Collider (RHIC), BNL in 
Au - Au collisions at y/sj^ = 200 GeV have hinted that in heavy - ion collisions a 
transition from hadronic matter to QGP might take place. These results have mo-
tivated the high - energy physicists to investigate the characteristics of de-confined 
state of matter at energies, much higher in comparison to SPS and RHIC energies. 
Large Hadron Collider at CERN has been commissioned and a proton beam has 
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been accelerated. At LHC we expect a jump of a factor 30 in the centre-of-mass en-
ergy with respect to the one available at RHIC. It will, therefore, allow a systematic 
study of the properties of QGP. It is believed that at LHC energies, QGP will be 
formed earlier than expected and it will remain thermalized for a relatively longer 
time; the freeze-out volume will be larger than the one observed at RHIC. 
ALICE (A Large Ion Collider Experiment) is a general purpose heavy - ion ex-
periment, designed to study the physics of strongly interacting matter and QGP in 
Pb - Pb coUisions at ^/sNN = 5.5 TeV and p - p collisions at v^ = 14 TeV at LHC. 
Besides this, the physics programme includes collisions with lighter ions (N - N, O -
0, Kr - Kr or Sn - Sn) at relatively lower energies. 
ALICE consists of a central barrel part embedded in L3 magnet, which will mea-
sure hadrons, electrons and photons. Prom the inside out, the barrel contains an Inner 
Tracking System made of six layers of high resolution Silicon Pixel Detector, Silicon 
Drift Detector and Silicon Strip Detector, a cylidrical Time Projection Chmaber, 
three particle identification arrays of Time Of FUght, Ring Imaging Cerenkov, a Tran-
sition Radiation Detector and two electromagnetic calorimeters, PHOS and EMCal. 
All these detectors except HMPID, PHOS and EMCal, cover the full azimuth. The 
ALICE detector also includes a set of forward detectors: the Photon Multiplicity 
Detector, the Forward Multiplicity Detector, the Zero Degree Calorimeter, a system 
of trigger scintillators TO detector and quartz counters VO detector. An array of 
scintillators for triggering on cosmic rays called ACORDE is placed on the top of the 
L3 magnet. 
Forward Dimuon Spectrometer of the ALICE, covers pseudorapidity interval, - 4.0 
<Tj < - 2.4, and consists of a hadron absorber positioned very close to the interaction 
region, a dipole magnet with a field integral of 3 Tm and five tracking stations, an 
iron absorber and two trigger stations. 
Heavy quarkonia suppression is believed to be one of the most important probes 
for examining the occurrence of phase transition to QGP. In a de-confined state and 
over a certain temperature they would melt through color screening. It may be inter-
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esting to mention that J/^, V'', ^, T' and T" production can be detected via their 
decays into t^'^/J.'. The invariant mass of the muon pair, which is the mass of the 
resonance, can be measured by FMS of the ALICE detector. FMS thus, aims to 
measure the production of 3/ip, ip\ T, T' and T" in different reactions Uke Pb - Pb, 
Ca - Ca, p - Pb, p - p, etc. 
The tracking system of the FMS, made by ten high gain (~ 10 )^ Cathode Pad 
Chambers (CPC) grouped into five stations, is devoted for reconstruction of the tracks 
of Minimum Ionising Particles (MIP). The use of CPCs is to fulfil the requirement 
of a spatial resolution of the order of < 100 /im in the bending plane to achieve a 
muon momentum resolution, <5p/p < 1% and spatial resolution of about 2 mm in 
the non-bending plane to reconstruct the angles of the muons and to guarantee an 
efficient track-finding. Thus, the desired invariant mass resolutions of the order of 70 
and 100 MeV/c^ respectively in the J/'0 and T mass regions can be achieved. 
The CPCs have the advantage of segmentation of the cathode planes as a function 
of local hit density, which varies as a function of chamber radius, in order to keep the 
occupancy at about 5 % level. For instance, pads are small in the region where the 
highest multiplicity of particles is expected and larger pads are used at larger radii. 
Stations 1 and 2 have quadrant design, with the readout electronics distributed on 
their surfaces, whereas a modular structure composed of slats was chosen for Stations 
3, 4 and 5. In order to get a good ionization efficiency, high gain and low detection 
efficiency for neutral particles, a gas mixture containing 80 % Ar and 20 % CO2 is 
used in these detectors. The electronics chain of the tracking system is divided in 
three parts to read about one million channels upto a rate ~ kHz: (i) front-end-boards 
called MAnas NUmerique (MANU), which digitize the data and performs zero sup-
pression; (ii) the readout system called Cluster Read Out Concentrator Unit System 
(CROCUS), which concentrates and formats the data from the chambers and trans-
fer them to the DAQ and (iii) interface with general ALICE trigger called Trigger 
Crocus Interface, which decodes the trigger signal to generate the LI reject in the 
Frontal-Fan-out Trigger board and to manage busy signals of all the CROCUS crates. 
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The total time taken in the data readout sequence, starting from the physics trigger, 
i.e., particle hit in the detector to the data transfer to the Detector Data Link, is 484 
jLtS. 
The charge induced on the cathode pad by a charged particle crossing the detector 
is very small, ~ 10 - 200 fC and must be amplified and digitization of data should 
occur close to the cathode pads. Hence, a chip on board design with charge ampUfiers 
and multiplexers in the chip to be mounted on the board was used. The VLSI chip 
MANAS has been selected for this purpose. It was designed at the Saha Institute 
of Nuclear Physics, Kolkata and fabricated at the Semiconductor Compelex Limited 
(SCL), Chandigarh, India using 1.2 //m CMOS technology. The Indian Groups, SINP, 
Kolkata and AMU, Aligarh involved in the ALICE Collaboration, were responsible 
for its design, validation and production. 
The operating principle of MANAS chip, consisting of 16 input channels and one 
output channel, is similar to the operating principle of Gassiplex. Each channel has 
a Charge Sensitive Amplifier (CSA), a Deconvolution Filter (DP), a Semi Gaussian 
Shaper (SGS) and a Track k Hold (T/H) stage. MANAS chip also has an Analog 
Multiplexer (AM) that converts 16 parallel inputs into one serial output. A set of 
four MANAS chips is mounted on each MANU card to collect data from 64 cathode 
pads. 
Delivery of MANAS devices had started in August, 2005 and was completed in 
January, 2007. A total of 88,000 MANAS devices, tested and validated at SINP, 
Kolkata, with gain spread, RMS/Mean < 2.5 %, were delivered to the ALICE-MUON 
Collaboration in five gain windows with mean gain values around 3.30, 3.50, 3.60, 3.70 
and 3.85 mV/fC. It may not be out of place to mention that 20,000 MANAS chips, 
mainly with lower mean gain values, were delivered to the ALICE-PMD Collabora-
tion. 
The Indian Groups have been responsible for the design, fabrication, installation 
and commissioning of Station 2 of FMS. Station 2 is situated at 6860 mm along the z 
direction from the Interaction Point and has a circular design. There are two planes 
J. il-^-I-s-Ab; •- • ^ 
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of the tracking chambers, TC3 and TC4, in Station 2 with an inner mechanical radius 
of 232 mm and an outer mechanical radius of 1172 mm. Each tracking chamber con-
sists of four quadrants, which are identical and fully interchangeable. These are the 
largest area CPCs ever made. Each quadrant consists of two cathode planes in order 
to obtain position resolution both in the bending and non-bending planes. Cathode 
planes are sandwiched by using 25 mm Rohacell for providing the required rigidity 
to the 0.4 mm thick PCB boards. 
The first quadrant of Station 2 , constructed during January - April, 2005, was 
tested for gas leakage, high voltage limits and dark current and gain uniformity over 
the active surface. It was found that the quadrant has a leak rate ~ 50 ml/hr. The 
dark currents in the quadrant were observed to be ~ 6 - 8 nA and ~ 20 - 24 nA for 
High Voltages of 1700 and 1750 V respectively. The X-ray Fluorescence Technique 
using "^^ A^m was used for measuring the gain uniformity. A RMS/Mean of about 10 
%, which is within the acceptable limits, was obtained. 
10 quadrants were fabricated following the same procedure of fabrication, quality 
controls and tests and shipped to CERN in October, 2006. The anode wires in these 
quadrants are not supported although the longest wire length is 120 cm. Hence, strip 
support of GlO material of dimensions: 950 mm x 2 mm x 2.4 mm and 990 mm x 2 
mm X 2.4 mm was provided at 76 cm on five quadrants and at 72 cm on remaining 
five quadrants for a long time High Voltage stability. Each CPC quadrant of Station 
2 has two electronics readout planes, that is, bending and non-bending. Full plane 
electronics readout boards with 12 buses were tested using CROCUS set up during 
April - May. 2007 at CERN. The five point calibration data taken for individual bus 
patches showed a linearity and the bias voltage over the whole bus patch was uniform 
for both bending and non-bending plane sides. The analysis of the data set for both 
bending and non-bending readout planes showed pedestal distribution within 200 mV 
and noise around lOOOe" with a gain dispersion ~ 3.3 %. 
The chambers were successfully installed at the experimental site. Point 2 of the 
LHC, during May - June, 2007. 
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All the channels of Station 2 were tested and found to function well before the 
Cosmic Ray Run (CRR) during January - February, 2008. The average noise and 
pedestal spread were ~ 0.7 mV and ~ 180 mV respectively. A mean pedestal of 209 
ADC ~ 125 mV and an average noise of 1.148 ADC ~ 0.7 mV was found from the 
analysis of the data set. Moreover, probability of measuring the vertical tracks has 
turned out to be quite high after the observation of the first Cosmic Ray track in 
CRR during January - February, 2008 with the ACORDE trigger. The Cosmic Ray 
tracks with tracker and trigger (MRK + MTRG) together were also observed during 
the same CRR. 
Performance of FMS of the ALICE is studied in the AliRoot framework as well. 
The full chain of simulation and analysis in AURoot framework provides track re-
construction, which gives transverse momentum of every track. The pr and mass 
resolutions of FMS are studied with 10000 single muon events generated in the cho-
sen momentum range, from 2 to 20 GeV/c, using BOX event generator. The px 
and mass resolutions are found to be 48.72 MeV/d and 90.66 MeV/c^ respectively. 
Furthermore, study of mass resolution as a function of background level shows that 
for one nominal background event the mass resolution is 111.12 MeV/c^. 
In order to address some of the issues relating to QGP formation and to unravel 
the mystery of the Universe and verify the Big Bang theory, the Large Hadron Col-
hder was triggered on September 10, 2008. The Project Coordinator, Professor Lyn 
Evans, rightly said on the occasion: "it is a fantastic moment and we can look forward 
to a new era". 
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Preface 
Study of phase transition from normal nuclear matter to the de-confined state of mat-
ter, Quark - Gluon Plasma (QGP) has become possible with the commissioning of LHC 
on September lp,2008. The ALICE detector at Large Hadron CoUider (LHC) is fully 
dedicated to the study of such a state of matter. Study of heavy quark resonances of 
J/V* and T families will provide information about the occurrence of phase transition. 
Production of J/^, T, T' and T" may be investigated by studying their decays into 
lj,'^^~ with the Forward Dimuon Spectrometer (FMS) of the ALICE. This thesis is 
mainly devoted to the fabrication, validation, installation and commissioning during 
Cosmic Ray Run of the Cathode Pad Chambers of Station 2 of FMS. The performance 
of FMS is also studied in the AliRoot framework. 
A brief introduction to the global experimental facilities for studying high energy 
nuclear collisions along with the details about the beams and the values of the centre 
- of - mass energies are presented in Introduction. 
A general introduction to QGP is presented in Chapter 1. As envisaged, formation 
of QGP may be investigated by studying various signatures produced in heavy - ion 
coUisions at ultra - relativistic energies. Important signatures of QGP formation are 
discussed in Chapter 1 along with a brief presentation on their experimental evidences. 
Various observables already investigated at SPS and RHIC regarding QGP formation 
are also discussed. An introductory remark on the LHC is given in the same chapter 
followed by a comparison of various parameters characterizing central nucleus - nucleus 
collisions in different energy regimes. 
Chapter 2 deals with the essential parts of ALICE experimental programme. The 
ALICE mainly consists of three parts: the central region, the FMS and the forward 
detectors. Working principles of various detectors located in the central region and 
forward detectors are discussed. Details about designs and readout systems are also 
presented. 
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The FMS of ALICE detector consists of five tracking stations, absorbers, a dipole 
magnet and trigger system. Each component of the FMS is discussed thoroughly in 
Chapter 3. The geometry of the chambers of the tracking stations and the choice of 
the gas mixture are also described. A brief account on the geometry monitoring system 
of FMS is presented. A detailed discussion on the readout electronics of FMS is also 
presented in this chapter. 
Chapter 4 is fully devoted to the details about the MANAS chips. Working princi-
ple, architecture, design specification and pin description of the MANAS are presented 
in this chapter. Results of testing of the device of various batches are discussed. The 
criteria for validation and reason of selection of MANAS chips are also discussed in the 
same chapter. Delivery schedule of MANAS chips to the ALICE Collaboration and the 
representative plots of the gain distributions of the chips delivered to the Collaboration 
are also presented. 
The mechanical and electronics designs of Station 2 of FMS are discussed in Chap-
ter 5. It may be interesting to mention that the first quadrant of Station 2 successfully 
passed the tests of gas leakage, high voltage limits and dark currents and the gain 
uniformity over the active volume. The results of these tests are within the acceptable 
limits set by the ALICE Collaboration. The readout planes were validated and the 
data from each detection plane was obtained. The results show excellent performance 
of MANAS chips after their integration in the whole readout chain of FMS. Details 
about the first cosmic ray tracks observed in the Cosmic Ray Run are presented in 
Chapter 5. 
AliRoot framework and the whole chain of simulation and analysis are summarized 
in Chapter 6. Simulation results on p^ and mass resolutions of FMS are presented in 
this chapter. Results of the study of variation of mass resolution with various back-
ground levels are presented in the same chapter. 
Chapter 7 gives the summary of the present work. Finally, functioning of the 
detector in the future is discussed with a number of proposed "day one" physics mea-
surements. 
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Introduction 
A considerable change in our ideas about the ultimate constituents of matter has oc-
curred during the past few decades. One of the most intriguing and challenging task 
in physics is to establish a relationship between the macroscopic and the microscopic 
aspects of the World. A detailed, though still incomplete, theory of elementary par-
ticles and their fundamental interactions, called Standard Model, has been validated 
during the last two decades. Applying and extending the Standard Model to complex 
and dynamically evolving systems of finite sizes is the ultimate aim of ultra - rela-
tivistic heavy - ion physics. Ultra - relativistic heavy - ion collisions allow us to study 
the characteristics of the densest and the hottest form of matter that may be created 
in the laboratory and to address some fundamental questions relating to the state of 
matter at temperatures and energy densities which may be considered as " extreme" 
on the hadronic scale. The main aim of heavy - ion physicists is to study and under-
stand how collective phenomena and macroscopic properties, involving many degrees 
of freedom, can be explained in terms of the microscopic laws of elementary particle 
physics. 
The most striking feature of a collective bulk phenomenon predicted by the Stan-
dard Model is the occurrence of phase transition at the characteristic energy density. 
Standard Model predicts that the Universe evolved from an initial state of extreme 
energy density to its present state through rapid expansion and cooling, thereby un-
dergoing a series of phase transitions. Within the framework of the Standard Model, 
the occurrence of phase transition involving elementary quantum fields is intrinsi-
cally connected to the breaking of the fundamental symmetries of nature and thus 
to the origin of mass. In general, intrinsic symmetries of the theory, which are valid 
at high energy densities, are broken below a certain critical energy density. Particle 
content and particle masses originate as a direct consequence of the symmetry break-
ing mechanism. In ultra - relativistic heavy - ion collisions, one expects to attain 
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energy densities which reach and exceed the critical energy density, 6c- Thus, making 
the QCD phase transition the only one predicted by the Standard Model, that is, 
within reach of the laboratory experiments and in particular to answer the following 
questions: 
• What is the limit of the ordinary hadronic matter? 
• What are the conditions beyond which separate hadrons do not retain their 
identity? 
However, in more precise and specific language, where one talks about the colored 
quarks and their confinement into colorless hadrons, the questions essentially are: 
• What are the limits of confinement? 
• Can the quarks be liberated from their hadronic prison? 
It is interesting to mention that study of the properties of the de-confined matter 
is of immense importance, not only about the nature of matter but also about the 
evolution of the Universe. 
To get a first idea of what the quark infrastructure of elementary particles implies 
for the behaviour of matter at extreme energy density, let us consider a very simple 
picture. If nucleons, with their intrinsic spatial extension, were both elementary and 
incompressible, then a state of close packing would constitute the high density limit 
of matter (Fig. la). 
On the other hand, composite nucleons made up of point like quarks will start to 
overlap with increasing density, until eventually each quark finds within its immediate 
vicinity a considerable number of other quarks (Fig. lb). 
It has no way to identify which of these had been its partners in a specific nucleon 
in some previous state of lower density. Beyond a certain point, the concept of 
hadron thus loses its meaning; at extreme energy density, we are quite naturally led 
to a medium whose basic constituents are unbound quarks [1]. 
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Fig. 1. Strongly interacting matter: (a) at a density of closely packed nucleons and (b) as 
quark matter at much higher energy density. 
Up to nuclear density, we have experimental information to guide our understand-
ing of such matter. What happens beyond this? The high energy physics community 
is looking for an answer to this question. Even before the QCD got recognition as the 
fundamental theory of strong interactions, it had been argued that the basic prop-
erties of strongly interacting hadrons must lead to some form of critical behaviour 
at high temperature and/or energy density. Since a hadron has a finite size of ~ 1 
fm^ (pions), there is a limit to the density and the temperature of a hadronic system 
beyond which hadrons start to superimpose [2]. 
The lattice QCD calculations have predicted that at a critical temperature around 
170 MeV, corresponding to an energy density ec — 1 GeV/fm^, nuclear matter would 
undergo a phase transition to a de-confined state of quarks and gluons [3]. Con-
sequently, chiral symmetry is partially restored and quark masses are reduced from 
their large effective values in hadronic matter to their small bare masses. 
How to produce such a phase transition in the laboratory? 
The phase transition may take place in ultra - relativistic heavy - ion collisions, 
where one expects to achieve energy densities, which may exceed the critical value Sc, 
thus making possible transition to the de-confined state in laboratory experiments. 
Hence, the only way to achieve this is to collide two heavy nuclei at ultra - relativis-
tic energies and study the resulting small and short lived droplets of hot and dense 
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medium. For such studies it is essential to have viable probes which can provide 
information about the formation of droplets in the early stages of nuclear collisions 
consisting of unbound quarks and gluons. Thus, one has to look for the signatures of 
color de-confinement. 
The only laboratories providing sufficiently energetic nuclear beams are the Brookhaven 
National Laboratory (BNL), New York, USA and the European Organization for Nu-
clear Research (CERN), Geneva, Switzerland. Both began experimentation on heavy 
- ion physics in 1986 using the existing accelerators at that time. BNL had the Alter-
nating Gradient Synchrotron (AGS), designed for 30 GeV/c proton beams, whereas 
CERN had the Super Proton Synchrotron (SPS) for 450 GeV/c protons. The injec-
tors available at that time allowed only the acceleration of nuclei containing equal 
numbers of protons and neutrons (A = 2Z), so that the beams were restricted to light 
ions (A < 40). Both the laboratories have in the meantime built new injectors, allow-
ing acceleration of arbitrary heavy nuclei in AGS and SPS [1]. From then onwards, 
energy of the ion beams has considerably increased, as evident from Table 1. 
Table 1 Experimental facilities for high energy nuclear collisions alongwith beams and the 
center - of -mass energies. 
Machine 
AGS - BNL 
SPS - CERN 
AGS - BNL 
SPS - CERN 
RHIC - BNL 
LHC - CERN 

































Relativistic Heavy Ion Collider (RHIC), BNL is in operation since 2000 and the 
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Large Hadron Collider (LHC) has been commissioned and accelerating proton beams 
successfully. A new facility, FAIR SIS 300, for investigation of the behaviour of 
nuclear matter at low temperature and high energy density shall be constructed at 
the GSI, Dremstad, Germany. It will accelerate heavy - ion beams with energies upto 
40 GeV/nucleon. 
During the last two decades, the heavy - ion programmes involving fixed - target 
experiments at AGS and SPS and more recently the colliding beam experiments 
at RHIC have hinted towards the occurrence of phase transition. LHC will allow 
study of Pb - Pb collisions at the center - of - mass energy \/s = 5.5 TeV per 
nucleon pair (approximately 20 times higher than the RHIC energy). LHC will be 
the next generation facility for the physics of the de-confined QCD matter and lead 
to a significant qualitative improvement with respect to the previous experiments. 
The SPS and RHIC experiments have answered the first set of questions, showing 
that there is a limit to confined matter. On the other hand, the twin tasks of the 
LHC heavy - ion programme are: (i) to address the remaining questions and (ii) to 
investigate the characteristics of the de-confined medium. 
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Chapter 1 
Heavy - ion physics: s tudy of the de-confined 
QCD mat t e r 
1.1 The Quark - Gluon Plasma 
The basic theory of strong interactions, Quantum Chromodynamics (QCD), has 
strongly estabhshed that nucleons and more generally, all strongly interacting ele-
mentary particles, hadrons, are bound states of quarks. Two of the most important 
predictions of this theory are: 
(i) confinement of quarks inside the hadronic matter 
(ii) occurrence of phase transition from a system made up of colorless hadrons to a 
de-confined phase in which hadronic matter is dissolved into its constituents. 
The de-confined state of matter in which quarks and gluons are essentially free is 
referred to as quark - gluon plasma (QGP). Quarks and gluons are believed to have 
been de-confined shortly after the Big Bang and QGP might still exist in the core of 
neutron stars. 
It is generally believed that the Universe was in a de-confined state, a soup or 
plasma of quarks and gluons, just after its formation, i.e., the very early Universe 
was presumably filled with primordial QGP. However, when the Universe was a few 
microseconds old, it is envisaged to have undergone a phase transition from the QGP 
phase, resulting in the formation of mesons and baryons due to the combination of 
quarks and gluons as shown in Fig. 1,1. 
Confinement is a feature of long range force, which prevents the isolation of a 
single quark. But in the high density situation each quark finds itself very close to 
many others and is thus far from isolated. To understand how the short range nature 
of the force in the dense matter overcomes confinement, let us consider the QCD 
potential between two quarks given below: 
V = -^^+ar (1) 
3 r 
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where r is the separation between the two quarks, a., is the couphng constant and a 
is the string tension. 
Fig. 1.1. The evolution of the Universe. 
The first term dominates at small separations (r < 1 fm) and is similar to the 
Coulomb potential between elementary charges with the only difference that the cou-
pling constant ag increases with r. This property is responsible for the so called 
'asymptotic freedom' at small r. The second linear term characterizes an increase 
in the potential at large distances (r > 1 fm), leading to confinement of the quarks 
inside hadrons. 
Prom Eq. 1, it is obvious that the confining potential between the two quarks 
separated by a distance r is: 
V{r) ~ ar (2) 
where the string tension a ~ 0.8 GeV/fm. From the above expression it is clear that 
an infinite amount of energy is required to isolate a quark. However, atomic physics 
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suggests that in a dense medium the presence of many charges lead to charge screen-
ing, which reduces the range of the forces between charges and can be responsible 
for the dissociation of bound states. The Debye - Huckel theory of plasma of electric 
charges foresees a change in the 1/r trend of variation of the Coulomb potential to: 
V{r) ~ - , - M r (3) 
The inverse of /j, is the Debye radius and represents the range of the effective force; 
it depends on the density of the medium and decreases with increasing density. 
At sufficiently high energy density color screening in the hadronic matter is likely 
to take place. Similarly, from Eq. 2, one can obtain the screened potential [1]: 




The bare and screened potentials for quarks are exhibited in Fig. 1.2. The result-
ing exponential damping of the binding force will remove all long range effects and 
in a sufficiently dense medium the hadrons melt. Color screening will thus transform 
a color insulator into a color conductor, turning hadronic matter into quark plasma 
[2]. 
Fig. 1.2. The bare {fj, — 0) and the screened (/i -^^ 0) potential between quarks. 
Chapter 1 10 
1.2 Phenomenology of hot and dense matter 
1.2.1 QCD - phase diagram 
The phase diagram of quark matter is not very well known, neither experimentally 
nor theoretically. A commonly conjectured form of the phase diagram is displayed in 
Fig. 1.3. It is applicable to matter in a compact star, where the only relevant ther-
modynamic potentials are chemical potential^ // (a measure of the baryonic density) 
and temperature T. At low temperatures and for //g ~ mp ~ 940 MeV, only ordinary 
matter exists. If the baryon density, i.e., fi is increased keeping the temperature low, 
one enters into a phase of more and more compressed nuclear matter. Following this 
path, corresponds to burrowing more and more deep into a neutron star. At high den-
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Fig. 1.3. The phase diagram of QCD matter. 
^The baryonic chemical potential /is of a system is defined as the change in the energy E of the 
system when the total baryonic nmnber N B (baryons - antibaryons) is increased by one unit: fxs = 
SE/6NB-
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If we heat up the system, this corresponds to moving vertically upwards along the 
T axis. At first, quarks are confined and we create a gas of hadrons, mostly pions. 
Then around T=170 MeV, there is a crossover to the quark - gluon plasma: thermal 
fluctuations break up the pions and we find a gas of quarks, antiquarks and gluons as 
well as lighter particles such as photons, electrons, positrons, etc. Following this path 
would correspond to traveUing far back in time, to the state of the Universe shortly 
after the Big Bang. 
The line with yellow color is the conjectured boundary between confined and de-
confined phases. It is also believed to be a boundary between phases, where chiral 
symmetry is broken and the phases where it is not broken. This line ends at the 
"critical point", marked in this figure, which is a special temperature and density 
at which a novel physical phenomenon like phase transition (analogous to critical 
opalescence) is likely to take place. 
1.2.2 Lattice QCD Results 
The most fascinating aspect of QCD thermodynamics is the theoretically well - sup-
ported idea that strongly interacting matter can exist in different phases. Investiga-
tion of the qualitative features of the QGP and making quantitative predictions of 
its properties was the main goal of the numerical studies of the thermodynamics of 
strongly interacting matter within the framework of lattice QCD [3, 4]. 
Results of a recent calculation of e/T* are exhibited in Fig. 1.4, for 2 - and 3 -
flavour QCD with light quarks and for 2 light plus 1 heavier (strange) quark (indi-
cated by the stars). The latter case is likely to be closest to the physically realized 
quark mass spectrum. The number of flavours and the masses of the quarks con-
stitute the main uncertainties in the determination of the critical temperature and 
critical energy density. The critical temperature is estimated to be Tc = (175 ± 15) 
MeV and the critical energy density ec^{6± 2) T^ ~ (0.3 - 1.3 GeV/fm^). Most of 
the uncertainty in Sc arises from the 10% uncertainty in Tc [4]. 
Although the transition is not a first order one, which would be characterized by 
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Fig. 1.4. The energy density in lattice QCD with 2 and 3 light quarks and with 2 light 
plus 1 heavier (strange) quarks. The calculation uses fis = 0. 
a discontinuity of e at T = Tg, a large jump of Ae/T^ ~ 8 in the energy density 
is observed in a temperature interval of only about 40 MeV (for the 2 - flavour 
calculation). Considering that the energy density of an equilibrated ideal gas of 
particles with n ^ / degrees of freedom is: 
e = ndof^T^ (5) 
The corresponding form for an ideal quark - gluon plasma with two flavour and 
three color is: 
e = {2 X 8 + ^(3 X 2 X 2 X 2 ) } ^ T ^ = 37^T' (6) 
In a pion gas the degrees of freedom are only the 3 values of the isospin for 
7r"'",7r'^ ,7r". In QGP the degrees of freedom have two parts as discernible in Eq. 6. 
The first temperature term in the curly brackets accounts for the 2 spin and 8 color 
degrees of freedom of the gluons, the second for the 3 color, 2 flavour, 2 spin and 2 
particle - antiparticle degrees of freedom of the quarks. The factor 7/8 accounts for 
the difference between Bose - Einstein (gluons) and Fermi - Dirac (quarks) statistics. 
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The dramatic increase of e/T* can be interpreted as due to the change in the 
number of degrees of freedom, Udo/, from 3 in the pion gas phase to 37 (with 2 
flavour) in the de-confined phase, where the additional color and quark flavour degrees 
of freedom are available. 
1.2.3 Temperature and baryon density 
According to the Bag Model, confinement is the result of the equilibrium between a 
bag pressure, B, directed inward, and the stress originated by quark kinetic energy, 
leading to a stable system. 
To estimate the pressure we can suppose to have N massless fermions in a spherical 
volume with radius R and in thermal equiUbrium at temperature T. The pressure 
(with h=c=l) is [5]: 
B V « . ( ^ ) " ' i 
If, for example, we take into account a confinement radius of 0.8 fm for three 
quarks in baryons, we get B^/^ = 206 MeV. 
The total pressure for an ideal quark-gluon gas system, in which quarks and 
gluons are non-interacting and massless and there is no net baryon number, i.e., the 
numbers of quarks and antiquarks in the system are equal, in thermal equilibrium at 
high temperature, T, is: 
P = 37^T' (8) 
and from Eq. 6, the energy density turns out to be 2.54 GeV/fm^ at 200 MeV 
temperature. By combining Eqs. (7) and (8) the critical temperature at which the 
pressure of quark-gluon system is equal to the bag pressure is: 
Thus, for B^/'' = 206 MeV, T^ turns out to be ~ 145 MeV. 
However, if the matter inside the bag achieves a temperature higher than Tc, the 
gas pressure will be greater than the bag pressure, B, and the bag will no longer be 
able to contain the matter and the de-confinement will occur. 
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It is possible that pressure inside a bag can be large enough to lead to de-
confinement of the quark matter, even at T = 0. We suppose that the matter inside 
the bag is made up of only quarks. The baryonic density is, therefore, very high. 
The quark gas pressure grows up owing to the gas degeneracy, which increases with 
density, until it becomes higher than the bag pressure. When this happens, the bag 
pressure will not be able to hold the bag together. A state of quark matter in which 
the quarks become de-confined is then possible. The baryon density at which such 
transition occurs is given [6] by: 
"B(QGP) = l{^fB'^' (10) 
where g, is the degeneracy number of matter made by quarks. 
If we consider the plasma to arise by compressing ordinary nuclear matter, which 
has only u and d valance quarks, the degeneracy number for such quark matter is: 
Qg = (Scolars) x {2spins) x {2flavors) (11) 
For a bag pressure of B /^'* = 206 MeV, the critical baryon number density at which 
the compressed hadron matter becomes a quark - gluon plasma with a high baryon 
content at T = 0 is nB(QGP) ~ 0.72 nucleons/fm^. This value is about 5 times the 
baryon density (n^ ~ 0.14 nucleons/fm^) of the normal nuclear matter in equilibrium. 
When the density of the baryons exceeds this value, the baryon bag pressure is not 
strong enough to withstand the pressure due to the degeneracy of quarks, and the 
confinement of quarks within individual baryon bags will not be possible, thus leading 
to formation of a state of de-confined quarks. 
1.3 How to study QGP ? 
In the collisions of two heavy - nuclei at ultra - relativistic energies it is possible to 
create the appropriate conditions for the new form of matter under extreme condi-
tions of energy density and/or high temperature. In heavy - ion collisions at ultra -
relativistic energies, the collisions between nucleons occur and nucleons loose most of 
their energies and a region of high energy density is created. It is worth mentioning 
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that high energy deposition is envisaged to give rise to creation of a fireball of quarks 
and gluons in a de-confined state as exhibited in Fig. 1.5. 
Fig. 1.5. Simplified picture of a Pb - Pb collision at an ultra - relativistic energy. 
The space-time evohition of the fireball, schematized in Fig. 1.6, may be studied in 
terms of the model proposed by J. D. Bjorken [7]. The thermalization of the plasma 
may take place after a time of 1 fm/c after the collision; then the system evolves 
following the hydrodyriamic laws. 
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Fig. 1.6. Space-time evolution of a fireball according to the Bjorken model. 
During the expansion there is a decrease of temperature and the fireball gets into 
a mixed phase in which a gas of quarks, gluons and hadrons can exist, when the 
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hadronization of quarks begins. This process stops after approximately 10 - 20 fm/c 
from the beginning of the collision. The hadron gas cools down due to expansion and 
freeze-out when the interaction among the hadrons stops. 
It is not possible to observe directly the phase transition products. The produced 
matter may be in the QGP phase. The particles which arise from the interactions 
between the constituents of the plasma will provide information concerning the state 
of the plasma. 
Various kind of signals for QGP formation have been proposed. Some of the 
important signals are discussed. It is worthwhile mentioning that the thermodynamic 
phase of the created plasma can be studied by investigating the characteristics of the 
produced dileptons and thermal photons. 
A signature for the production of the de-confined medium could come from the 
measurement of heavy quarkonia production, which is sensitive to the conditions of 
the created matter. Another signature for the formation of the de-confined medium 
could be the strangeness enhancement. 
1.3.1 Dilepton production 
The production of a lepton pair (/"•"/" pair) could provide information about the 
occurrence of the phase transition from the confined to the de-confined matter. 
In the quark - gluon plasma, a quark can interact with an antiquark to form a 
virtual photon 7* and the virtual photon may subsequently decay into a lepton l~ and 
an antilepton /+ pair. The system of the produced lepton - antilepton pair is referred 
to as dilepton. It is also called a /+/" pair, or simply a lepton pair. The dilepton 
is characterized by a dilepton invariant mass squared M^ = (F;+ + Pi-Y, where P/+ 
and Pi- are the four-momenta of l'^ and /~ and a dilepton transverse momentum 
PT = {PI+)T + {PI-)T, where {PI-\-)T and {PI-)T are the transverse momenta of /"*" and 
/" leptons. 
The lepton pair production can take place by other processes also namely: Drell 
- Yan process, dilepton production from hadron and resonances and dileptons from 
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the decay of charm particles. 
Experimental Information 
Study of vector mesons through their decays into electron - positron pairs (dileptons) 
could provide information about the occurrence of a phase transition. In particular, 
p meson plays a key role because its e+e" decay is larger by a factor of ~ 10 (5) in 
comparison to the ones for a;° ((/>"). Most of p mesons decay within the interaction 
region because of their short lifetime (1.3 fm/c) as compared to the typical fireball 
hfetime (10-20 fm/c at SPS energies). The dileptons, due to their electromagnetic 
character and having a large mean free path, can escape from this region without 
further strong interaction in the final state, thus carrying information about the 
hottest stage of the evolution. In the dielectron mass spectrum, measured by NA45 
at SPS for S - Au and Pb - Au collisions, exhibited in Fig. 1.7, the expected p peak 
is completely smeared out. It has also been found that the signal is enhanced by a 
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Fig. 1.7. Dielectron mass spectrum in Pb - Au collisions a,t y/s = 17 GeV compared to 
the expected contributions (solid line) from hadronic cocktail [9]. 
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Annihilation processes, predominantly TT+TT" -^ p ^ e+e", due to the thermal 
radiation from the interaction phase of the fireball is responsible for a large fraction 
of the observed enhancement. 
Enhancement in the signal, just below the p peak, can be interpreted in terms 
of two effects. Firstly, the p maas shift expected in a de-confined medium due to 
the chiral symmetry restoration. Secondly, the peak broadening due to strong re-
scattering in the dense hadronic medium. 
1.3.2 Thermal photons 
Temperature of the fireball can be estimated through the momentum spectrum of 
the thermal photons. In the quark - gluon plasma, a quark can interact with a 
corresponding antiquark to produce a photon and a gluon, 
q-l-q-»7-l-g (12) 
A gluon can interact with a quark to produce a photon through the reaction: 
g-Hq-^7 + q. (13) 
or with an antiquark to produce a photon through the following process: 
g + q ^ 7 + q- (14) 
This is analogous to the scattering of a photon off an electron, which is called 
the Compton scattering. Hence, the above process is referred to as QCD Compton 
scattering. 
Besides the emission of photons from the quark-gluon plasma, photons can also be 
produced through prompt contributions from hard nucleon - nucleon coUisions and 
hot hadronic phases as well as a contribution from the final-state meson decays after 
the freeze out. 
Experimental Information 
In nucleus - nucleus collisions the photons are emitted throughout the evolution of 
the system. Since their mean free path is considerably larger than the size of the 
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nuclear system, they can provide information about the medium at the time of their 
production. To extract the thermal radiation, which is connected with the information 
about the temperature of the QGP phase, the 'background' due to prompt photons, 
which dominates at high momenta, and the one due to the hadronic decays (important 
at low momenta) must be subtracted. Then, an excess in the observed rate would be 
a clear indication of a thermalized medium and the functional form of the spectra for 
the photon momentum k will be: 
- ~ e - / - (15) 
This holds for the QGP as well as hadronic matter. However, the rates and temper-
atures, are expected to be quite different in the two cases. 
Experiments to measure the photon yields in high - energy heavy - ion collisions 
have been performed at CERN by WA80/WA93 Collaboration [10 - 12] and NA45 
(CERES) Collaboration[13]. 
WA80 Collaboration used the 'direct' method by evaluating the invariant mass of 
all photon pairs of the same event to form the two - photon invariant mass distribu-
tion. The preUminary results for S - Au collisions at 200A GeV (WA80 Collaboration) 
have indicated that there are no excess photons above the meson decay background 
in peripheral collisions, but there is an excess of photons above the meson decay back-
ground in central collisions for pr < 2 GeV, with an experimental error in the interval 
(5.8 - 7.9) % [11]. It is worthnoting that the transverse momentum distribution of 
the single photons is characterized by a temperature of 180 - 200 MeV in comparison 
to 210 MeV temperature determined from the pr distribution of 7r° meson [12]. 
NA45 (CERES) Collaboration has measured the photon yield by the 'conversion' 
method in which the target was used as a converter so that a produced photon was 
converted into an electron and a positron pair whose momenta were subsequently 
measured by a Cerenkov Ring Imaging Electron Spectrometer. The results for the 
central collisions of Sulphur on Gold at 200A GeV from NA45 (CERES) Collabora-
tion has shown that within the experimental systematic error of 11 %, there was no 
evidence for an excess of photons above the meson decay background [13]. 
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It may not be out of place to mention that thermal photon spectra have not 
been unambiguously analyzed till date. Thermal photon yield is envisaged to be 
more clearly observable at the LHC energies because photon radiation will be more 
dominant due to the higher initial temperature. 
1.3.3 Strangeness enhancement 
Strangeness enhancement as a signal of QGP was proposed in 1982 by J. Rafelski 
and B. MuUer [14]. The basis of such an idea is the requirement of a large gluon 
density and a low energy threshold for the occurrence of the dominant QCD process 
of ss production, which makes the production and equilibration of strangeness very 
significant. 
In the QGP medium, strange quarks and antiquarks can be produced by collisions 
among the constituents of the plasma. There are two processes by which ss pairs can 
be produced. Strange quarks and antiquarks can be produced by light quark and 
antiquark collisions through the process: 
q + q ^ Q + Q (16) 
where q represents a light quark, u or d, and Q is a moderately - heavy or a heavy 
quark such as strange quark or charm quark. 
The process characterized by reaction (16) is not the only which produces strangeness 
in the plasma. Strange quarks and antiquarks can also be produced by the collision 
of gluons in the plasma through the reaction: 
g + g - ^ Q + Q (17) 
The masses of the de-confined s - or s - quarks are predicted to be about 350 MeV 
lower than the masses when these are confined within the hadrons due to partial 
restoration of chiral symmetry. Its constituent mass is about 500 MeV, so its bare 
mass should be around 150 MeV. While in hadronic matter the production probabihty 
for strange quarks is low due to its high mass, strangeness production should be 
enhanced if the system is de-confined since the mass goes down to a value comparable 
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with the critical temperature 170 MeV. Strangeness production is also favoured by 
Pauli blocking of u - and d - quarks. 
Eventually, the plasma cools down, hadronizes, leading, therefore, to an increase 
of strange haxlrons. Such enhancement should be comparatively greater for particles 
of higher strangeness content. 
Experimental Evidence 
Studies for measuring the production of multi-strange particles in Pb - Pb and p -
A collisions have been undertaken at CERN by WA97 and NA57 Collaborations. A 
significant enhancement of strange particles in Pb- Pb collisions at 158A GeV/c with 
respect to p - A reactions at 158A GeV/c has been reported by WA97 Collaboration. 
A thorough study about strangeness enhancement as a function of the beam energy 
over a wide range of centrality has been carried out by NA57 experiment [15]. 
Data were collected at both 158A GeV/c and 40A GeV/c beam momenta on 
Pb - Pb collisions and at 40A GeV/c beam momentum on p - Be collisions in NA57 
experiment. Measurements of WA97 experiment on p - Be and p - Pb at 158A GeV/c 
were used as the reference data. The results from WA97 and NA57 experiments are 
displayed in Fig. 1.8. The yields of hadrons and hyperons in Pb - Pb collisions 
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Fig. 1.8. Centrality dependence of the yields of hadrons and hyperons relative to p - Be 
data from WA97 for all measured particles and from NA57 for E" and 5+ hyperons [15]. 
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As predicted by the theoretical models in the case of formation of QGP the mea-
sured yields of the strange particles per participant would increase with centrality and 
the enhancement will relatively be larger for the particles having higher strangeness 
content, upto a factor of about 15 for f2" hyperon, which contains the maximum 
number of strange quarks [16]. NA57 experiment observed about 20 % higher yield 
than those observed in WA97 in the common centrality region. This difference is still 
being investigated. 
1.3.4 Heavy quarkonia suppression 
Heavy quarkonia suppression is considered to be one of the most important probes 
for examining the occurrence of phase transition to QGP. During the pre-equilibrium 
phase, process of hard scattering among partons lead to production of heavy quarks 
and antiquarks, c, c, b, b. Later, cc and bb may propagate respectively as J/'0 (hid-
den charm) or T (hidden beauty); 3/ip is the bound state of cc pair and T is the 
l^Si bound state of bb pair. Jf-ip and T have masses 3.1 GeV/c^ and 9.4 GeV/c^ 
respectively. 
According to Matsui and Satz [17], J/ip and T production is sensitive to the na-
ture of the created medium: in a de-confined state and over a certain temperature 
they would melt through color screening. Suppression of heavy resonance production 
in nuclear collisions would indicate the formation of QGP. If QGP is formed, the 
interaction potential is screened beyond a certain distance \D, due to the presence 
of quarks, antiquarks and gluons in the plasma. Here Ap represents Debye screening 
radius. 
The Debye screening radius, Xp, represents the range upto which the interaction 
between c and c is effective. Above this separation distance the interaction dimin-
ishes exponentially with distance. When the resonance dimensions are larger than 
XD, dissociation of quark and antiquark pairs might take place. It may be interesting 
to note that A^ is inversely proportional to the temperature and in Fig. 1.9 this 
behaviour is clearly reflected. 
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The bands, which intersect the A^ curve, represent the dimensions of some char-
monium states. When the critical temperature is exceeded, c and c binding is broken, 
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Fig. 1.9. Debye radius as a function of T/Tc- The lines correspond to the critical Debye 
radius for different quarkonia states. 
Table 1.1 Binding energies and dissociation parameters of different quarkonia states. T ,^ 
/x(Td) and //(Tc) represent respectively the dissociation temperatiu'e, chemical potential at 
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Different binding energies of the cc involve a hierarchy of suppression. The bind-
ing energies and dissociation parameters for different quarkonia states are hsted in 
Table 1.1. Since 3/ip is lighter and more tightly bound, its dissociation is expected to 
start at about LIT^.. However, with increasing temperature more bound states will 
melt and such trend can be also used to estimate the temperature of the system. 
Experimental Evidence 
Results concerning the study of the charmonia suppression as a signature of QGP 
formation have been obtained by means of Dimuon Spectrometer by NA50 Collabo-
ration in 158 AGeV/c Pb - Pb collisions. The J/'0 is detected through its decay into 
two muons with a branching ratio of about 5.90 %, by measuring the invariant mass 
of the muon pairs. 
Suppression due to the nuclear absorption, the so called 'normal' suppression, of 
J/V' production has already been observed in the experiments, which used lighter ion 
beams and in p - A collisions. At high energies, in terms of the Color Octet Model, we 
can expect that the pre-resonance propagates through the nuclear matter and under-
goes interaction with both target and projectile nucleons. The degree of suppression 
depends on the thickness of the nuclear matter traversed by the pre-resonance. This 
means that 3/xp and ip' should undergo the same amount of 'normal' suppression, as 
confirmed by the data from NA38 Collaboration [20]. 
The branching ratio for J/tp production divided by the product of projectile and 
target number as a function of such a product is shown in Fig. 1.10. The theoretical 
behaviour foreseen for the 'normal' absorption in different collisions, from p - p to S 
- U, except for Pb - Pb collision, is well reproduced by the data. The point corre-
sponding to Pb - Pb collisions seems, in fact, to indicate a departure from the nuclear 
absorption curve and so an anomalous suppression is observed. 
We consider the data on Pb - Pb collisions as a function of the event centrality. 
In NA50 experiment, the centrality of a collision is estimated by means of transverse 
energy, Er, released in the electromagnetic calorimeter. The branching ratio for 3/^p 
production normalized to Drell-Yan# as a function of E^ is plotted in Fig. 1.11. 
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*/< consists of an electromagnetic annihilation of a valence quark and a sea antiquark shar-
ing the same flavour, which results in a lepton pair. Such process is often used as reference 
to study the J/ip production behaviour due to its insensitivity to the final state interactions 
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Fig. 1.11. J/j/;/Drell-Yan ratio as a function of E r in Pb - Pb collisions as measured by 
NA50 experiment. The solid Unes represent the 'normal' resonance absorption [21]. 
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Two important conclusions from the above figure may be drawn: 
• A sudden onset for 3/ip production as a function of the centrahty is discernible. 
However, in fact for peripheral Pb -Pb collisions 'normal' behaviour is clearly 
visible. 
• A multistep pattern, with the first step at Er ~ 40 GeV and the second at E^ 
~ 100 GeV is observed. The step at E^ ~ 40 GeV is due to the disappearance 
of the Xc mesons, which is responsible for about 30 - 40 % of the indirect 3/ips, 
while the second step is due to the dissociation of the directly produced 3/ips 
that are more tightly bound. 
1.4 Deconfinement at SPS 
The observables measured by the SPS experiments indicate occurrence of the de-
confinement in the heavy - ion collisions. The system formed in Pb -Pb central 
collisions at 158A GeV/c has a non-zero net baryon density and reaches an initial 
energy density of about 3.5 GeV/fm^ and temperature around 200 MeV. According 
to the theoretical estimates, these values are sufficient for phase transition to the de-
confined state of matter, i.e., QGP. The presence of thermalized medium is assumed 
after a rather short equilibration time TQ ^ 1 fm/c and at sufficiently high energy 
densities this medium would be in the QGP phase. Afterwards, expansion reduces 
the energy density and the system goes through a hadron gas phase and finally reaches 
the freeze-out, when the final state hadrons do not interact with each other any more. 
Between TQ and the chemical freeze-out the system is in a state of very large energy 
density and shows many features of QGP, particularly, 
• strangeness enhancement 
• J/ip suppression 
But these evidences are indirect and there is no clear cut evidence yet of thermal 
QGP radiation. All these results have led CERN to announce: "The new state of 
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matter found in heavy - ion collisions at SPS features many of the characteristics of 
the theoretically predicted QGP" [22]. 
In order to understand better the properties of this new state of matter it is needed 
to go at higher energies, deeper into the de-confinement regime, where comparison 
with theory and interpretation of data are expected to be more conclusive. 
1.5 The findings of RHIC 
The results of the lead beam of CERN's SPS have motivated the high energy physicists 
to investigate the de-confined state of matter at energies higher than the SPS energies. 
The RHIC at BNL was switched on in June, 2000 with Gold ions travelling in opposite 
directions around RHIC's 3834 m circumference. The nucleon - nucleon center - of -
mass energy is 200 GeV, a factor of 10 higher than what was achieved at SPS. Higher 
the energy density and temperature, larger will be the de-confined phase lifetime and 
volume. 
RHIC is a dedicated heavy - ion facility and improves our understanding and 
interpretation of the data obtained. It also establishes the reliability of the QCD 
calculations. There are four experiments being performed at RHIC detecting the 
incoming particles, namely: STAR, PHENIX, PHOBOS and BRAHMS. 
STAR searches the signatures of QGP formation and investigates the behaviour 
of strongly interacting matter at high energy density by focusing on measurements of 
hadron production over a large solid angle. 
PHENIX is designed to detect, identify and measure the momentum of each of 
the many different kinds of particles produced at RHIC and in particular it looks for 
leptonic and electromagnetic signals. 
The PHOBOS detector will be able to measure quantities such as the temperature, 
size and density of the fireball produced in the collisions. It will also study the ratios 
of the yields of various particles produced. 
The aim of the BRAHMS detector is to measure charged hadrons over a wide range 
of rapidity and transverse momenta in order to investigate the reaction mechanisms 
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of the relativistic heavy - ion reactions. 
Measurement of high px particle production has been performed at RHIC energies 
mainly by PHENIX and STAR Collaborations. Preliminary results have aroused 
considerable interest. Fig. 1.12 shows the yield of charged hadrons measured by 
PHENIX [28] in peripheral (left) and central (right) Au - Au collisions at y/s]^ = 
130 and 200 GeV, divided by the corresponding yield in pp collisions and the estimated 
number of binary nucleon - nucleon collisions. This ratio should be around 1 at high 
Pr if no medium effects are present. However, in central collisions the yield of high 
PT (8 GeV/c) hadrons is reduced by a factor 4 with respect to what is expected for 
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Fig. 1.12. Ratio of charged hadrons yield in Au - Au collisions and the yield in pp collisions 
for both - y / s ^ = 130 and ^ J ) ; ^ = 200 GeV [23]. 
Another interesting result obtained by STAR and PHENIX is the gradual disap-
pearing of the back-to-back azimuthal correlations of high p^ particles with increasing 
collision centrality [24, 25]. 
In Fig. 1.13 the azimuthal correlations of charged particles with respect to a high 
PT trigger particle (black markers) are shown for peripheral (left) and central (right) 
collisions and compared with reference data from pp collisions (grey histogram): in 
central collisions the opposite side (A(/) = ±7r) correlation is strongly suppressed with 
respect to the pp and peripheral Au - Au collisions. This effect suggests the absorp-
tion of one of the two jets, iisually produced as back-to-back pairs, in the hot matter 
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formed in the central collisions. 
The effect of leading particle and jet suppression shown in Figs. 1.12 and 1.13 are 
not observed in d - Au collisions at ^/SMN = 200 GeV [26, 27], where formation of a 
dense medium is not envisaged. 
1 a a 
& ^  (radians) 
1 2 S 
A f (radians) 
Fig. 1.13. Azimuthal correlations of charged particles relative to a high px trigger particle 
for peripheral (left) and central (right) Au - Au collisions at ,/FNN = 200 GeV [24]. 
1.6 Little Bang at Large Hadron Collider 
The data taken at RHIC hint that in heavy - ion collisions at y/sJm = 200 GeV a 
transition from hadronic matter to QGP might take place. There is strong evidence 
suggesting that this dense medium is highly interactive and is almost opaque to fast 
partons. Increasing the beam energies will either confirm and extend the theoretical 
picture emerging from RHIC or challenge our understanding about strongly interact-
ing matter at extreme conditions of energy density and temperature. 
Large Hadron Collider will provide nuclear collisions at a center-of-mass energy 
30 times higher than that at RHIC. The produced systems at LHC energies will be 
denser, hotter and of vanishing baryon density; QGP will be formed earlier and it 
will remain thermalized for a relatively longer time; freeze - out volume will be larger 
than the one observed at RHIC. 
The cemtre - of - mass energy per nucleon - nucleon pair in the collision of two 
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generic nuclei (Ai, Zi) and (A2, Z2) is given by: 
\ / ^ ^ = \/{Ei + E2y-{pi+P2y c^ sf^2 = Jj^UTeV. (18) 
The initial running programme of LHC is given in Table 1.2. The typical expected 
yearly running times are of the order of 10^  sees, for p - p collisions and 10^  sees, for 
the heavier systems. 
Table 1.2 Centre-of-mass energies and luminosities proposed/expected for difTerent colli-
sion systems at the LHC. The geometrical cross sections are also given [28]. 
Collision System 
P - P 
P b - P b 
p - P b 
















*r/ie luminosity for p - p collisions is limited to a maximum of ifi^ cm~^sec~^ due to the 
limited rate capability of ALICE detector. 
A comparison between the global observables measured at SPS and RHIC and 
the corresponding values predicted for the LHC energies is presented in Table 1.3. 
Above all, the observables already investigated at lower energies will be studied 
at LHC energies with greater precision. Additionally, new observables will become 
accessible, due to the fact that we will enter in a qualitatively new regime. The 
density of low momentum partons will significantly increase and come closer to sat-
uration value, consequently influencing particle production. Low momentum gluon 
saturation is also predicted enabling the time evolution to be explained by classical 
thermodynamics. 
Strongly interacting hard probes, whose attenuation can be used to study early 
stages of the collisions, will be produced at sufficiently high rates for detailed mea-
surements. We refer to high pr jets for the investigation of jet quenching and heavy 
quarkonia. The study of the suppression pattern will be extended to the upsilon 
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family and a full spectra analysis of quarkonia will be feasible. 
For interpreting the quarkonia data and for a deeper understanding of open charm 
and open beauty production, measurement of open charm and eventually open beauty 
production is considered to be of utmost importance. Incidentally, this will become 
possible at LHC. Moreover, information from thermal photons and dileptons would 
be more clearer at the LHC energies than those at SPS and at RHIC energies. Fur-
thermore, accuracy in event - by - event analysis will tremendously increase due to 
high multiplicity in the collisions. 
Table 1.3 Comparison of the parameters characterizing central nucleus - nucleus collisions 
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Chapter 2 
ALICE: experimental set up 
2.1 Experiments at LHC 
Availability of heavy - ion beams at LHC will open a new era in studying nucleus 
- nucleus collisions at ultra - relativistic energies and will greatly expand the range 
of conditions under which it will be possible to investigate the properties of QCD 
matter. With a centre - of - mass proton - proton collision energy of 14 TeV, LHC is 
conceived to be a discovery machine at the energy frontier of particle physics and will 
be the highest energy accelerator operating on the Earth. A layout of LHC structure 








Fig. 2.1. Layout of LHC. 
Chapter 2 35 
Four experiments will be performed at the LHC. Two, general purpose, large 
acceptance detectors - A Toroidal LHC Apparatus (ATLAS) and the Compact Muon 
Solenoid (CMS) - are designed as state of the art detectors for new physics - Higgs 
boson discovery and supersymmetry, etc. A third detector, LHCb, is focused on b -
physics and the fourth one, A Large Ion Collider Experiment (ALICE), is dedicated 
to heavy - ion physics. ALICE experiment is important for us. Hence, issues relating 
to ALICE are discussed. 
Heavy - ion collisions at LHC are likely to access not only a quantitatively different 
regime of much higher energy density but also a qualitatively new regime mainly 
because [1]: 
• LHC heavy - ion programme provides an opportunity to investigate the prop-
erties and dynamics of QCD in the classical regime. The density of the low 
Bjorken-x virtual gluons in the initial state will be high enough for satura-
tion to set in so that their subsequent time evolution is governed by classical 
chromodynamics. 
• Due to relatively higher incident energy in comparison to RHIC, semi-hard and 
hard processes will be the dominant feature at the LHC and gross properties of 
the collisions can be reliably calculated using perturbative QCD. 
• Very hard strongly interacting probes, whose attenuation can be used to study 
the early classical chromodynamics and thermalization stages of the collisions, 
are produced at sufficiently higher rates for detailed measurements. 
• Weakly interacting probes, such as direct photons, W* and Z° bosons produced 
in hard processes, will provide information about parton distributions at very 
high Q ,^ where Q^ is square of the four-momentum transfer. The impact pa-
rameter dependence of their production is sensitive to the spatial dependence 
of shadowing and saturation effects. 
• Compared to RHIC, the ratio of the life time of the QGP state to the time for 
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thermalization is expected to be larger by an order of magnitude so that parton 
dynamics will dominate the fireball expansion and the collective features of the 
hadronic final state. 
2.2 ALICE experimental programme 
The main aim of ALICE is to accumulate sufficient integrated luminosity of lead 
beam at ^/s = 5.5 TeV per nucleon pair in Pb -Pb collisions, to measure rare pro-
cesses such as jet transverse - energy spectra upto Er ~ 200 GeV and the pattern 
of medium induced modifications of bottomonium bound states. However, interpre-
tation of these experimental data relies heavily on a systematic comparison with the 
same observable measured in proton - proton and proton - nucleus collisions as well 
as in collisions of lighter ions. In this way, a phenomenon which is truly indicative of 
the hot equilibrating matter can be separated from other contributions. 
Any successful completion of heavy - ion programme would require study of pp, 
pA and lighter A-A collisions in order to establish the benchmark processes under 
the same experimental conditions. Additionally, these measurements are interest-
ing in themselves. For example, study of lighter systems opens up possibilities to 
study fundamental aspects of the interaction of color-neutral objects related to non-
perturbative strong phenomena, like confinement and hadronic structure. Also, due 
to its excellent tracking and particle identification capabilities, the ALICE pp and 
pA programmes complement those of the dedicated pp experiments. 
ALICE physics goals are summarized [2] below : 
• Global event features. Multiplicities, very forward energy flow (0 degree) 
and rapidity distribution allow to determine the centrality of the collisions, the 
number of participants in the interaction and the initial energy density. 
• The geometry and space - time evolution of the emitting source. The 
space-time structure of the collision fireball will be studied with two - particle 
momentum correlation. 
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• Degrees of freedom as function of temperature. Quantities related to the 
dynamical evolution of the hadronic phase like pj- spectra and particle ratios of 
identified hadrons (TT, r/, w, 4>, p, K, A, H, f2) and direct photons will be measured. 
• Non-statistical fluctuations and critical behaviour. These aspects will 
be addressed by carrying out event - by - event analysis. Distortions of N^ 
- ^charged Correlations will be suitable for the detection of disoriented chiral 
condensates (DCC). 
• Chiral symmetry restoration. Chiral symmetry restoration will be searched 
by studying the decays of resonances. 
• Collective effects. Elliptic and directed flows will be investigated by various 
sub-detectors. 
• Hard probes. Open charm and open beauty, high pr spectra, jets and jet 
quenching will be measured. Study of spectroscopy of J ftp and T families will 
provide a tool particularly sensitive to de-confinement. 
These physics goals imply a good particle identification capability of both hadrons 
and leptons over a wide acceptance and an extended px domain. 
2.3 ALICE detector 
2.3.1 Introduction 
ALICE is a general purpose experiment whose detectors will measure and identify 
mid-rapidity hadrons, leptons and photons.The unique design of ALICE has resulted 
from the requirements to track and identify particles from very low pr (~ 100 MeV/c) 
fairly high pr values (~ 100 GeV/c) , to reconstruct short lived particles such as hy-
perons, D and B mesons and to perform these tasks in an environment involving 
large charged particle multiplicities, upto 8000 charged particles per rapidity unit at 
mid rapidity. Detection and identification of muons will be done with the help of a 
dedicated spectrometer, including a large warm dipole magnet and covering a domain 
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of laxge rapidities^ - 4.0 < r/ < - 2.4. Hadrons, electrons and photons will be detected 
and identified in the central rapidity region (- 0.9 < r; < 0.9) by a complex system 
of detectors placed in a moderate (0.5 T) magnetic field. Tracking relies on a set of 
high granularity detectors: an Inner Tracking System (ITS) consisting of six layers of 
silicon detectors, a large volume Time Projection Chamber (TPC) and a high gran-
ularity Transition Radiation Detector (TRD). Particle identification in the central 
region is performed by measuring energy loss in the tracking detectors, transition 
radiation in the TRD, Time Of Flight (TOP) with a high resolution array, Cerenkov 
radiation with a High Momentum Particle Identification Detector (HMPID) and pho-
tons with a crystal PHOton Spectrometer (PHOS). Additional detectors located at 
large rapidities complete the central detection system to characterize the event and 
to provide the interaction trigger. They cover a wide acceptance (- 3.4 < ry < 5.1) for 
the measurement of charged particles and triggering ( Forward Multiplicity Detector-
FMD, VO and TO detectors), a narrow domain at large rapidities (2.3 < T] < 3.5) 
for photon multiplicity measurement (Photon Multiplicity Detector-PMD) and the 
coverage of beams rapidity to measure spectator nucleons in heavy - ion collisions 
(Zero Degree Calorimeter-ZDC) [3]. 
2.3.2 Design criteria 
As a single dedicated heavy - ion experiment at the LHC, ALICE will measure a 
broad range of observables, which have already been typically covered at earlier ac-
celerators, AGS, SPS and RHIC through more sophisticated detector systems. The 
choice and design of these systems are driven by the physics requirements as well as 
experimental conditions expected in nucleus - nucleus collisions at LHC energies. The 
^In ALICE the coordinate axis system is a right handed orthogonal Cartesian system with the 
point of origin at the beam interaction point. The axis are defined as follows: x-axis is perpendicular 
to the mean beam direction, aligned with the local horizontal and pointing to the accelerator center; 
y-axis is perpendicular to the x-axis and to the mean beam direction, pointing upward; z-axis is 
parallel to the mean beam direction. Hence, positive z-axis points in a direction opposite to the 
Dimuon Spectrometer. 
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event rate for Pb - Pb collisions at the LHC's nominal luminosity of 10 '^' cm'^sec"^ 
will be about 8000 minimum-bias collisions per second, of which only about 5 % cor-
respond to the most central ones. This low interaction rate plays a crucial role in the 
design of the experiment, since it enables to use slow but high granularity detectors, 
such as the Time Projection Chamber and the Silicon Drift Detectors. 
The design of the tracking system has been driven by the requirement for safe and 
robust track finding by using mostly three dimensional hit information with many 
points (upto 150) in a moderate magnetic field of 0.5 T. The field strength is a com-
promise between momentum resolution, acceptance at low momentum and tracking 
and trigger efficiency. A large dynamic range is required for momentum measure-
ment, spanning more than three orders of magnitude from ~ 100 MeV/c (collective 
effects at large length scales, good acceptance for resonance decays) to ~ 100 GeV/c 
(jet physics). This is achieved with a combination of very low material thickness to 
reduce multiple scattering at low pr (13 % of XQ upto the end of the TPC) and a 
large tracking lever arm of upto 3.5 m to guarantee a good resolution at high px-
Particle Identification (PID) over much of this momentum range is essential, as many 
observables are either mass or flavour dependent. ALICE employs almost all known 
PID techniques: specific ionization energy loss, - dE/dx, time of flight, transition and 
Cerenkov radiation, electromagnetic calorimetry, muon filters and topological decay 
reconstruction. 
On the other hand, interaction rate with nuclear beams at LHC is likely to be low 
(10 kHz for Pb -Pb) and radiation doses are moderate (< 3000 Gy^), allowing the 
use of slow but high granularity detectors. Also, a very large acceptance, hermetic 
detector (For example, missing energy), is not required and, therefore, the instrumen-
tal part is concentrated over 2 units in rapidity around mid rapidity for the barrel 
detectors and covers 1.5 units in rapidity at small angles for muon measurement. 
The following section gives a brief overview of the central barrel and forward de-
^Gy (gray) is the SI unit of absorbed radiation dose, 1 gray is the absorption of one joule of 
radiation energy by one kilogram of matter, i.e., 1 Gy = 1 Joule/Kg. 
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tectors of the ALICE and the observables that they will measure. Other details can 
be found in the ALICE Technical Proposal or Technical Design Report of each de-
tector. The Forward Dimuon Spectrometer has been discussed in detail in the next 
chapter. 
2.3.3 Experiment layout 
The ALICE experimental set up,exhibited in Fig. 2.2, mainly consists of three 
parts[4]: 
• The central region, housed in the L3 magnet, covering mid-rapidity (| ?7 | < 
0.9) over the full azimuth. It is dedicated to the study of hadronic signals, 
dielectrons and photons. 
• The Forward Dimuon Spectrometer, would identify the muon pairs coming from 
heavy resonance decays in the rapidity range -4.0 < r) < -2.4. 
• The forward detectors, covering large rapidity region upto 77 = 5.1, to determine 
photon and charged particle multiplicities and the collision centrality. 
The central system includes, from the interaction vertex to outside, six layers of 
high resolution silicon detectors, Inner Tracking System, the main tracking system of 
the experiment, Time Projection Chamber, a transition radiation detector for elec-
tron identification (Transition Radiation Detector) and a particle identification array 
(Time-Of-Flight). The central system is complemented by two small area detectors: 
an array of ring imaging Cerenkov detectors {\ T] \< 0.6, 57.6° azimuthal coverage) 
for the identification of high momentum particles (High Momentum Particle Identi-
fication Detector) and an electromagnetic calorimeter (| 7/ |< 0.12, 100*^  azimuthal 
coverage) consisting of arrays of high density crystals (PHOton Spectrometer). 
The large rapidity systems include Forward Dimuon Spectrometer (- 4.0 < r/ < 
- 2.4), a photon counting detector (Photon Multiplicity Detector) on the opposite 
side, an ensemble of multiplicity detectors (Forward Multiplicity Detector) covering 
the large rapidity region (upto 77 = 5.1). A system of scintillators and quartz coun-
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ters (TO, VO and Zero Degree Calorimeter) will provide fast trigger signals and two 
sets of neutron and hadron calorimeters, located at 0" and about 115 m away from 
the interaction vertex. An absorber positioned very close to the vertex shields the 
Dirauon Spectrometer. The Spectrometer consists of a dipole magnet, five tracking 
stations, an iron wall (muon filter) to absorb remaining hadrons, and two trigger 
stations behind the muon filter. 
The acceptance ajid location of the various detector systems in ALICE is summa-
rized in Table 2.1. 
Fig. 2.2. ALICE schematic layout. 
Chapter 2 42 
Table 2.1: Summary of the ALICE detector systems. 
Detector 
ITS layer 1,2 (SPD) 
ITS layer 3,4 (SDD) 
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2.3.4 Inner Tracking System 
The six cylindrical layers of silicon detectors in the Inner Tracking System are located 
at radii r = 4, 7, 15, 24, 39 and 44 cm, as shown schematically in Fig. 2.3. The number, 
position and segmentation of the layers are optimized for efficient track finding and 
high impact parameter resolution. In particular, the outer radius is determined by 
the requirement to match tracks with those from the Time Projection Chamber and 
the inner radius is the minimum allowed by the radius of the beam pipe (3 cm). 
The first layer has a more extended coverage (| r; |< 1.98) to provide, together with 
Forward Multiplicity Detector, a continuous coverage in rapidity for the measurement 
of charged particles multiplicity [5]. 
R^,s=43.6 cm 
Fig. 2.3. Layout of Inner Tracking System. 
The pixel detectors have been chosen for the innermost two layers and silicon drift 
detectors for the following two layers because of the high particle density, upto 80 
particle cm~^ and to achieve the required impact parameter resolution. The outer 
two layers, where the track densities are below 1 particle cm~^, will be equipped with 
double sided silicon micro strip detectors. With the exception of the two innermost 
pixel planes, all layers will have analogue readout for particle identification via dE/dx 
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measurement. 
The main tasks of ITS are to: 
• localize the primary vertex with a resolution better than 100 /im; 
• reconstruct the secondary vertices from the decays of hyperons, D and B mesons; 
• track and identify particles with momenta below 100 MeV/c; 
• improve the momentum and angle resolutions for the high pr particles which 
are also likely to traverse TPC; 
• reconstruct, albeit with limited momentum resolution, particles traversing the 
dead region of TPC. 
In addition to the improved momentum resolution, ITS provides an excellent 
double hit resolution enabling separation of tracks with close momenta. The silicon 
detectors used to measure ionization densities (drift and strips) must have a mini-
mum thickness of approximately 300 /xm to provide acceptable signal to noise ratio. 
Detectors must overlap to cover entire solid angle. Therefore, the effective thickness 
of the detector is approximately 0.4 % of XQ. The thickness of additional material in 
the active volume, i.e., electronics, cabling, support structure and cooling system is 
limited to a comparable effective thickness. 
The granularity required for the innermost layers is achieved with silicon micro 
pattern detectors with true two-dimensional readout:Silicon Pixel Detector and Sil-
icon Drift Detector. At larger radii, the requirement in terms of granularity is less 
stringent, therefore, double sided Silicon Strip Detector with a small stereo angle 
are used. Double sided micro strips have been selected because they introduce less 
material in the active volume and they offer the possibility to correlate the pulse 
height readout from the two sides, thus help resolve ambiguities inherent in the use 
of detectors with projective readout. The granularity of the detectors is optimized 
to cope with a track density of 8000 tracks per unit rapidity at mid rapidity. Under 
these conditions, ITS would detect simultaneously more than 15000 particles. 
Chapter 2 45 
2.3.5 Time Projection Chamber 
The Time Projection Chamber is the main tracking detector of the central barrel and 
is optimised to provide, together with other central barrel detectors, charged particle 
momenta measurements with good two track separation, particle identification and 
vertex determination. Additionally, data from the central barrel detectors are used to 
generate a fast online High Level Trigger (HLT) for the selection of low cross section 
signals [6]. 
The phase space covered by the TPC in pseudorapidity is | 77 | < 0.9 for tracks 
with full radial track length (matches in ITS, TRD and TOF detectors); for reduced 
track length (at reduced momentum resolution), an acceptance upto about | r/ | = 
1.5 is accessible. The TPC covers the full azimuth (with the exception of the dead 
zone). A large pr range, pr from ~ 100 MeV/c to ~ 100 GeV/c, is covered with 
good momentum resolution. 
With the Pb - Pb design luminosity of the LHC, an interaction rate of 8 kHz is 
expected, of which 10 % are considered to be central collisions. In the TPC design 
phase, an extreme charged particle multiplicity density of dNc/i/dr/ = 8000 was as-
sumed which would result in 20000 charged primary and secondary tracks in the TPC 
acceptance. 
The TPC design is conventional in overall structure but innovative in many ways. 
The TPC layout is depicted in Fig. 2.4. It is cylindrical in shape and has an inner 
radius of about 85 cm, an outer radius of about 250 cm and an overall length along 
the beam direction of 500 cm. The detector is made up of a large cylindrical field 
cage, filled with 88 m^ of Ne and CO2 gases in 90 % and 10 % ratio, which is needed 
to transport the primary electrons over a distance of upto 2.5 m on either side of the 
central electrode to the end plates. Multiwire Proportional Chambers with cathode 
pad readout are mounted into 18 trapezoidal sectors of each end plate. 
The data rate capabilities of the TPC readout are designed to allow transfer of 
200 central or 400 minimum bias Pb - Pb events per second for dNch/dr) = 8000 [1]. 
The recorded data volume can be reduced using the 'region of interest' option of the 
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trigger, reading out only a few sectors of the TPC. 
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Fig. 2.4. Layout of Time Projection Chamber. 
The total number of readout pads used to keep the occupancy as low as possible 
and to ensure the necessary dE/dx and position resolution is 560,000. The sizes of 
the pads are: 4 x 7.5 mm^ in the irmer chamber, 6 x 10 mm^ and 6 x 15 mm^ in the 
outer chambers. 
After zero suppression and data encoding the event size from TPC for a central 
Pb - Pb collision at the expected charged multiplicity of dNc/,/dr/ = 2500 will be 
about 50 MB. In order to increase the physics potential of ALICE, especially on jets 
and electron physics, rare signals like dielectron pair candidates have to be enriched 
to readout rates of 100 - 200 Hz. Therefore, an intelligent readout is available via a 
HLT processor farm, which will operate on the raw data shipped via optical links to 
the ALICE counting house. The HLT will allow lossfree data compression, selective 
readout of electron candidates identified by the TRD (the 'region of interest' option 
of the trigger), as well as online tra^k finding and tracking of the whole TPC. 
2.3.6 Transition Radiation Detector 
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The main aim of the Transition Radiation Detector (TRD) of the ALICE is to carry 
out electron identification in the central barrel for momenta greater than 1 GeV/c. 
This is because of the reason that pion rejection capability through energy loss mea-
surement in the TPC is no longer substantial [7]. In conjuction with the data from 
TPC and ITS it is possible to study production of light and heavy vector meson reso-
nances and the dilepton continuum in Pb - Pb as well as p-p collisions. It can be used 
to derive a fast trigger for charged particles with comparatively higher momenta. It 
is a part of Level 1 trigger and can significantly enhance the recorded T yield in the 
high mass part of the dilepton continuum, 3/ii having high p^ as well as jets. The 
coverage in the pseudorapidity matches the coverage of the other central detectors, 
I 77 I < 0.9. The TRD fills the radial space between TPC and TOF detectors. 
The final design of TRD is exliibited in Fig. 2.5, which consists of six individual 
layers to improve the quality of electron identification. There are 18 sectors to match 
the azimuthal segmentation of TPC and there is a 5 - fold segmentation along beam 
direction, z. In total, there are 540 (18 x 5 x 6 = 540) individual readout detector 
modules arranged into 18 super modules, each containing 30 modules arranged in 5 
stacks and 6 layers. The active length in longitudinal direction is 7 m, the overall 
length of the entire super module is 7.8 m and its total weight is about 1700 Kg. 
Each detector element consists of a Carbon fibre laminated Rohacell/polypropylene 
fibre sandwich radiator of 48 mm thickness, a drift section of 30 mm thickness, and 
a Multiwire Proportional Chamber section (7 mm) with pad readout. The entire 
readout electronics is directly mounted on the back panel of the detector, including 
the water cooling system. The total thickness of a single detector layer is 125 mm. 
To achieve 80 % tracking efficiency (single track) and to cover a total area of about 
736 m^ the cathode planes are segmented into pads with a ~ 6 - 7 cm^ area. The 
total number of readout channels is 1.16 x 10 .^ 
The gas mixture in the readout chambers is Xe/C02 (85 %/15 %). Each read-
out chamber consists of a drift region of 3.0 cm separated by cathode wires from an 
amplification region of 0.7 cm. The drift time is 2.0 //s, requiring a drift velocity of 
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1.5 cm / /s" ' . At extreme multiplicity [dNrn/dr] = 8000) the pixel occupancy will be 
34%. A space point resolution in the bending direction of 400 fim can be achieved 
for low multiplicity (dNc/,/dr/ = 2000) at pr = 1 GeV/c. For full multiplicity, this 
resolution is degraded to 600 /xm after unfolding. 
TRD stack TRDsupemiodule 
TRD chamber 
JM 
• n V 
fc^ 
^ -^ -^  , rb V 
Fig. 2.5. Left panel: schematic drawing of the TRD layout in the ALICE space frame. 18 
super modules (hght blue face side), each containing 30 readout chambers (red) arranged 
in five stacks of six layers. The TRD is surrounded by TOF detector (dark blue) from the 
out side. The heat shield (yellow) towards the TPC is shown on inside. Right panel: super 
module during assembly with the first three layers installed. 
2.3.7 Time Of Flight detector 
The Time Of Flight detector is a large area array that covers the central pseudo-
rapidity region {\ 7] \ < 0.9) for Particle IDentification (PID) in the intermediate 
momentum range. It detects pions and kaons of momenta below 2.5 GeV/c and pro-
tons of momenta upto 4 GeV/c, with TT/K and K/p separations better than 3a. The 
measurement and identification of charged particles in the intermediate momentum 
range will provide observables which can be used to probe the nature and dynami-
cal evolution of the system produced in ultra-relativistic heavy-ion collisions at LHC 
energies. The TOF detector, coupled with the ITS and TPC detectors for track and 
Chapter 2 49 
vertex reconstruction and for dE/dx measurements in the low momentum range, will 
provide event-by-event identification of large samples of pions, kaons and protons [8]. 
A large coverage TOF detector should have an excellent intrinsic response and 
an overall occupancy not exceeding 10 - 15 % level at the highest predicted charged 
particle density {dNch/drj = 8000). This led to the current design with more than 10^  
independent TOF channels. Since a large area had to be covered, a gaseous detector 
was chosen and the best solution for TOF detectors was the Multi-gap Resistive-Plate 
Chamber (MRPC). 
The key aspect of these chambers is that the electric field is high and uniform 
over the full sensitive gaseous volume of the detector. The main advantages of the 
MRPC technology with respect to other parallel plate chamber designs are: 
• chamber operates at atmospheric pressure; 
• signal is the analogue sum of the signals from many gaps, so there is no late 
tail and the charge spectrum is not of an exponential shape-it has a peak well 
separated from zero; 
• resistive plates quench the streamers and there are no sparks, thus high gain 
operation becomes possible; 
• construction technique is in general simple and makes use of commercially avail-
able materials. 
Final tests of several MRPC multicell strips from mass production have confirmed 
that these devices indeed reach an intrinsic time resolution better than about 40 ps 
and an efficiency close to 100 %. The detector covers a cylindrical surface of polar 
acceptance | 6 — 90° | < 45°. It has a modular structure corresponding to 18 sectors 
in (j) and to five segments in z direction. The whole device is inscribed in a cylindrical 
shell with an internal radius of 370 cm and an external one of 399 cm. The whole 
device thickness corresponds to 30 % of the radiation length. 
The basic unit of the TOF system is a 10 gap double stack MRPC strip (Fig. 2.6) 
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122 cm long and 13 cm wide, with an active area of 120 x 7.4 cm^ subdivided into 
two rows of 48 pads of dimensions 3.5 x 2.5 cm^. The strips are plciced inside gas 
tight module and are positioned transversely to the beam direction. 
130 mm 
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Fig. 2.6. Cross section of a 10 - gap double stack MRPC strip. 
They all have the same structure and width (128 cm) but differ in length. The 
length of the central module is 117 cm, the intermediate one has a length of 137 cm 
and the external module is 177 cm long. The overall TOF barrel length is 741 cm 
(active region). Detailed simulation studies have shown that with the chosen pad size 
3.5x2.5 cm^ and the tilted strip geometry the occupancy of the detector is ~ 14 % at 
the highest charged particle density, including secondary particles, with a magnetic 
field of 0.5 T. Lower values of particle density result in lower occupancy. 
The readout electronics, located in custom crates at both ends of a supermodule. 
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consists of the TRM (TDC Readout Module) and DRM (Data Readout Module) 
cards. The TRM card houses the HPTDC (High Performance TDC) 8-channel chips 
that are used in the very high resolution mode (24.4 ps bin width). Each TRM card 
contains 30 HPTDC chips, i.e., 240 channels, corresponding to the readout pads of 2.5 
MRPC strips. The DRM card is the TOP interface with the ALICE DAQ system, it 
reads and encodes the data from the TRM cards and sends them to the DAQ via the 
DDL optical link. The DRM card receives the trigger information from the CTP via 
the TTCrx (Timing Trigger and Control receiver) chip and performs a slow control 
function with a dedicated FPGA. 
2.3.8 High Momentum Particle Identification Detector 
High Momentum Particle Identification Detector is dedicated to inclusive measure-
ments of identified hadroris of px > 1 GeV/c [9]. The aim is to enhance the PID 
capabilities of ALICE by enabling identification of charged hadrons beyond the mo-
mentum interval attainable through energy losses in ITS and TPC and time of flight 
measurements. The detector was optimized to extend the useful range for TT/K and 
K/p discrimination, on a track-by-track basis, upto 3 and 5 GeV/c, respectively. The 
HMPID was designed as a single arm array with an acceptance of 5 % of the central 
barrel phase space. The geometry of the detector was optimized with respect to the 
particle yields in pp and heavy - ion collisions at LHC energies, and with respect 
to the large opening angle required for two particle correlation measurements. In 
addition, identification of light nuclei (d, t. ^He) and anti-nuclei (d, t, ^He) at high 
transverse momenta in the central rapidity region can also be performed with the 
HMPID. 
The HMPID is based on proximity-focusing Ring Imaging Cerenkov (RICH) coun-
ters and consists of seven modules of about 1.5 x 1.5 m^ each, mounted in an inde-
pendent support cradle (Fig. 2.7) [10]. The cradle is fixed to the spaceframe at the 
2 O'clock position. 
The radiator, which defines the momentum range covered by the HMPID, is a 15 
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Fig. 2.7. View of the seven modules of the HMPID mounted on the cradle. 
mm thick layer of low chromaticity CeFn (perfluorohexane) liquid with an index of 
refraction of n = 1.2989 at A = 175 nm corresponding to /3„i„ = 0.77. Cerenkov 
photons, emitted when a fast charged particle traverses the radiator, are detected 
by a photon counter as shown in Fig. 2.8, which exploits the novel technology of a 
thin layer of Csl deposited onto the cathode of a Multi-Wire Pad Chamber (MWPC). 
The HMPID with a surface area of 11 m^ represents the largest scale application of 
this technique [11, 12]. The photo detector filled with pure methane and operated 
at ambient temperature and pressure is closed on one side by an end-flange, which 
supports six independent Csl photocathode panels, of size 64 x 40 cm^, segmented 
into pads of 8 x 8.4 mm^. On the opposite side, a honeycomb panel supports three 
C6Fi4 radiator vessels placed at a distance of 80 mm from the anode wire plane. 
A low gain can be used in ion - ion collisions, minimizing the photons feedback 
and MIPs contribution to the occupancy, while in proton - proton runs, where much 
lower track density eases the pattern recognition, higher gain can be used to improve 
the efficiency. A positive voltage of 2050 V is applied to the anodes, while cathodes 
are grounded, providing an overall gas gain of 4 x lO'*. 















Fig. 2.8. Working principle of a RICH detector employing Csl thin films deposited onto 
the cathode plane of a MWPC. The Cerenkov cone refracts out of the liquid radiator of 
CeFu and expands in the proximity volume of CH4 before reaching the MWPC photon 
detector. Electrons released by ionizing particles in the proximity gap are prevented to 
enter the MWPC volume by a positive polarization of the collection electrode close to the 
radiator. 
The front-end electronics is based on two dedicated ASIC chips, GASSIPLEX [13] 
and DILOGIC [14]. In the HMPID application the GASSIPLEX analogue output is 
presented to the input of a 12-bit ADC. The multiplexing level is 3 chips (48 channels) 
per ADC at a maximum frequency of 10 MHz. The DILOGIC chip is a sparse 
data scan readout processor providing zero suppression and pedestal subtraction with 
individual threshold and pedestal values for upto 64 channels. Data are readout via 
the standard ALICE Detector Data Link (DDL). The readout time after L2 arrival is 
of the order of 300 /zsecs. Since momentum information is vital to exploit the HMPID 
detector, only events for which the TPC information is available are of interest and 
the HMPID can perfectly cope with the readout rates foreseen for the TPC. 
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2.3.9 PHOton Spectrometer 
The PHOton Spectrometer (PHOS) [15] is a high resolution electromagnetic spec-
trometer covering a limited acceptance domain at central rapidity. The main physics 
objectives are : test of thermal and dynamical properties of the initial phase of the 
collision extracted from low pr direct photon measurements and the study of jet 
quenching through the measurement of high pr 7r° and 7 - jet correlations. 
Identification of photons requires high discrimination power against charged hadrons, 
neutrons and anti-neutrons. Topology analysis of the shower developing in the electro-
magnetic calorimeter, time of flight measurement and charged particle identification 
provide the discriminating criteria [16]. The required performances are met through 
high granularity of the electromagnetic calorimeter, timing resolution of the individ-
ual detector cells of the order of a few nanosec and a charged particle detector in front 
of the calorimeter. The high resolution is provided by using scintillator material of 
20X0 with high photo-electron yield. 
The required time resolution is achieved by using a fast scintillator and a dedi-
cated preamplifier. The timing resolution, which can be reached with PHOS, is at 
energies above 1.5 GeV of about 0.5 nanosecond. 
PHOS includes a highly segmented Electromagnetic Calorimeter (EMC) and a 
Charged Particle Veto (CPV) detector. It is subdivided into five independent EMC 
+ CPV units, named PHOS modules. It is positioned on the bottom of the ALICE 
set up at a distance of 460 cm from the IP. After its final installation it will cover 
approximately a quarter of a unit in pseudorapidity, 0.12 < T] < 0.12, and 100° in 
azimuthal angle. Its total area is ~ 8 m .^ 
2.3.9.1 ElectroMagnetic Calorimeter (EMC) 
Each EMC module is segmented into 3584 detection cells arranged in 56 rows of 
64 cells. The detection cell consists of a 22 x 22 x 180 mm^ lead-tungstate crystal, 
PbW04 (PWO), coupled to a 5 x 5 mm^ Avalanche Photo Diode (APD) in which 
signal is processed by a low noise preamlifier [17]. The APD and the preamplifier are 
,^^^^^^'tU4, 
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integrated in a common body glued onto the end face 
are assembled in strip units of two rows of eight detection cells^ 
2.9. The 16 analog signals from one strip unit are fed into a T-shaped connector 
connected to the shaper/digitizer/trigger electronics. 
Fig. 2.9. Left top: crystal detector unit with glued photo detector, APD mounted on 
the preamplifier substrate; Right top: strip unit containing 8 x 2 crystal detector units; 
Left bottom: PHOS modules with strip units installed onto cooling plates; Right bottom: 
5 PHOS modules. 
To increase the light yield of the PWO crystals, the EMC module is operated at 
a temperature of - 25 °C stabilized with a precision of 0.3 ''C. The crystal strips are 
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located in a cold enclosure, whereas the readout electronics are located outside this 
enclosure. 
2.3.9.2 Charged Particle Veto detector 
The Charged Particle Veto detector is a Multi-Wire Proportional Chamber with cath-
ode pad readout [18, 19]. Its charged particle detection efficiency is better than 99 
%. The spatial precision of the reconstructed impact point is about 1.54 mm along 
the beam direction and 1.38 mm across the beam. 
The CPV is placed on top of the EMC modules at a distance of about 5 mm. The 
active volume of 14 mm thickness is filled with a gas mixture of 80 % Ar and 20 % 
CO2 at a pressure (1 mbar^) slightly above atmospheric pressure. The cathode plane 
is segmented into 7168 pads of 22 x 10.5 mm^ size with an inner pad distance of 0.6 
mm. The larger dimension is aligned along the wires . The total sensitive area of the 
CPV module is equal to about 1.8 m .^ 
With the good intrinsic resolution of PbW04, care must be taken to minimize the 
electronics contribution to the noise. This can be done by a judicious choice of the 
shaping time of the amplifier. For a detector capacitance of 100 pF as for the Hama-
matsu S8664-55 APD, the results indicated an electronic noise minimum of about 
300e~ for a shaping time of about 2 //sec. 
A readout controller unit (RCU) on the detector transfers formatted event data 
over the ALICE digital data link (DDL) to the ALICE DAQ system. The RCU 
operations are executed by means of firmware in the on-board FPGA. The firmware 
includes a processor core for handling the Ethernet connection to the ALICE detector 
control system. The data and control interfaces between the RCU and trigger units 
of the front-end electronics are implemented by means of the GTL cable bus. 
2.3.10 ElectroMagnetic Calorimeter 
Construction of a large ElectroMagnetic Calorimeter (EMCal) [20], started in early 
2008 with an aim to enable ALICE to explore in detail the physics of jet quenching, 
^1 mbar = 0.001 bar = 0.1 kPa = 1000 dyn/cm^ 
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interaction of energetic partons with dense matter, over a large kinematic range pro-
vided in heavy - ion colUsions at the LHC [1], 
The scope and basic design parameters of the calorimeter were chosen to match 
the physics performance requirements of high pr physics goals [16]. The EMCal is a 
large Lead scintillator sampling calorimeter with cylindrical geometry, located adja-
cent to the ALICE magnet coil at a radius of ~ 4.5 m from the beam line. It covers 
I 77 I < 0.7 and A 0 = 107*^ , and positioned approximately opposite in azimuth to the 
high precision ALICE PHOS calorimeter. 
Fig. 2.10 shows a schematic integration drawing of the end view of the ALICE 
central barrel. The EMC will be located inside the large L3 magnet within a cylindri-
cal integration volume 112 cm deep sandwiched between the ALICE central detectors 
space frame (housing the TPC, TRD and TOF apparatus) and the magnet coils. 
Fig. 2.10. Integration drawing of the end view of the ALICE central barrel. 
In Fig. 2.11, a perspective view of the EMC in its dedicated support structure is 
shown. The chosen technology is a layered Lead scintillator sampling calorimeter with 
a longitudinal pitch of 1.44 ram Pb and 1.76 mm scintillator with longitudinal wave 
length shifting fibre light collection. The detector is segmented into 12672 towers, 
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each of which is approximately projected in 7? and ^ to the interaction vertex. The 
towers are grouped into supermodules of two types: 'full size' which span ATJ = 0.7 
and A(p = 20°, and 'half size' which span Arj = 0.7 and A 0 = 7°. There are 10 full 
size and 2 half size super modules in the full detector acceptance. 
Readout Electronics 
Super Modules 
Fig. 2.11. The calorimeter is a section of a circular cylinder with inner radius ~ 4.2 metres 
and an active length along the beam direction of ~ 6.8 metres. 
The light yield, per unit of energy, deposited in the EMC is similar to that of the 
PHOS [15, 21]. Since the electronic noise performance requirements of the EMC are 
less stringent than those for PHOS due to the larger intrinsic energy resolution of the 
EMC, the PHOS readout electronics were adopted for the EMC readout, with only 
minor modification. The only significant difference with the PHOS readout is the 
difference in the FEE amplifier due to the chosen dynamic range and the amplifier 
shaping time. 
2.3.11 ALICE COsmic Ray DEtector 
The ALICE COsmic Ray DEtector is an array of plastic scintillator counters placed 
on the upper surface of L3 magnet. It plays two-fold role in ALICE: 
• the first task is to provide a fast (Level 0) trigger signal, for the commissioning, 
calibration and alignment procedures of some of the ALICE tracking detectors; 
Chapter 2 59 
• it will also detect, in combination with the TPC and TRD, atmospheric muons 
and multimuon events, thus allowing us to study high energy cosmic rays. 
A feasibility and performance study is given in detail in references [1, 16, 22, 23]. 
An ACORDE module consisting of two scintillator counters, each with 190 x 20 cm^ 
effective area, arranged in a doublet configuration as shown in Fig. 2.12. 
Fig. 2.12. The ACORDE scintillator module array on the upper faces of the magnet yoke. 
With this set up a vmiform efficiency higher than 90 % along the whole length of 
the test module is achieved. The typical rate for single atmospheric muons reaching 
the ALICE detector is relatively low (4.5 Hz/rn^), the rate for multi muon events 
is expected to be much lower (less than 10~^ Hz/m^). However, this is statistically 
sufficient for studying these types of events, provided we can trigger and store tracking 
information from cosmic ray muons parallel to the ALICE data taking with colliding 
beams. Atmospheric muons need an energy of atleast 17 GeV to reach the ALICE 
hall, while the upper energy limit for reconstructed muons in the TPC will be nearly 
2 TeV at a magnetic field intensity of 0.5 T. This allows us to measure and analyze 
the atmospheric muon momentum spectra in a wide range (0 .1-2 TeV). 
The ACORDE electronics is formed by: 
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(i) 60 FEE cards, one per ACORDE module; 
(ii) 'ACORDEOR' card to generate the TRD wake up signal which receives the 
60 coincidence LVDS signals coming from the FEE cards; 
(iii) Main cards, which contain the electronics to receive the 120 LVDS signals 
coming from 120 scintillators. This card produces the single and the multi-
coincidence trigger signals and provides connectivity to the ALICE trigger 
and DAQ systems. 
2.3.12 Zero Degree Calorimeter 
The number of participant nucleons is the observable most directly related to the 
geometry of A - A collisions. It can be estimated by measuring the energy carried 
in the forward direction at 0° relative to the beam direction by non-interacting spec-
tator nucleons. In ALICE, spectator nucleons are detected by means of Zero Degree 
Calorimeters . If all the spectators are detected, the number of participants may be 
calculated [1] from: 
EzDC ( T e V ) = 2 . 7 6 X Nspectators 
'^participants ^^ •/»• - i^spectators 
where 2.76 TeV is the energy per nucleon of the Pb beam at LHC energy. However, 
such a simple estimate can not be used at a collider since not all the spectator nu-
cleons can be detected. The centrality information provided by the ZDC is also used 
for triggering at Level 1 (LI). Finally, the ZDC being also a sensitive detector, can 
give an estimate of the reaction plane in nuclear collisions. 
In ALICE two sets of hadronic ZDCs are located at 116 m on either side of the 
Interaction Point (IP). Additionally, two small zero degree electromagnetic calorime-
ters (ZEM) are placed at about 7 m from the IP, on both sides of the LHC beam 
pipes, opposite to the muon arm as exhibited in Fig. 2.13. 
Spectator protons are spatially separated from neutrons by the magnetic elements 
of the LHC beam line. Therefore, each ZDC set is made by two distinct detectors: 
one for the spectator neutrons, placed between the beam pipes at 0*^  relative to the 
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LHC axis, and one for spectator protons, placed externally to the outgoing beam pipe 
on the side where positive particles are deflected. A front view of the positions of ZN 
and ZP axe displayed in Fig. 2.14. 
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Fig. 2.13. Schematic top view of the ALICE beam line opposite to the Muon Arm. The 
locations of the neutron (ZN), proton (ZP) and forward electromagnetic (ZEM) calorimeters 
arc shown. 
Z3W-
Fig. 2.14. Front view of one ZDC set placed on the Ufting platform in data taking position. 
The quartz fibre calorimetry [24] technique has been adopted for the ZDC of 
the ALICE. The shower generated by incident particles in a dense absorber, called 
'passive' material, produces Cerenkov radiation in quartz fibre ('active' material) in-
terspersed with the absorber. Due to the small amount of space available (particularly 
Chapter 2 62 
for the neutron calorimeter), the detectors are very compact. For this reason a very 
dense W-alloy was used as passive material for ZN, to maximize the containment 
of the showers. For the proton calorimeter (ZP), there are no such stringent space 
constraints. Moreover, the spectator proton's spot has a wide spatial distribution. 
Therefore, a larger detector made up of brass was constructed. The ZDC will op-
erate in a very high radiation environment upto 10* Gy/day at a luminosity of 10^ ^ 
cm^'^sec"^ For this reason, quartz fibres were chosen due to their intrinsic radiation 
hardness. 
The energy resolution of ZEMs were estimated by carrying out Monte Carlo sim-
ulation within the AliRoot offline framework and using HIJING event generator [25]. 
The results show that in central collisions (b < 2 fm) the total incident energy on the 
two electromagnetic calorimeters is about 7 TeV, while in the peripheral interactions 
(b ~ 10 fm) it is of the order of 1.5 TeV. A resolution: 
a/E = 0.m/,/E{GeV) 
has been obtained with a detector prototype tested at SPS. Extrapolating this reso-
lution to the LHC energy, we expect an energy resolution < 1% for central collisions, 
increasing upto 1.8 % for the peripheral events. 
For the readout, each analogue signal from the photomultiphers will be sent to 
commercial ADC modules housed in a VME crate. When a Level 0 (LO) trigger is 
received, the ZDC readout electronics will start to convert the signals and make them 
available for the ALICE DAQ if the LI trigger is available. 
2.3.13 Photon Multiplicity Detector 
The multiplicity and spatial (r; - 0) distribution of photons in the forward pseudo-
rapidity region of 2.3 < // < 3.7 are measured by the Photon Multiplicity Detector 
(PMD) [26]. These measurements also provide estimates of transverse electromag-
netic energy and the reaction plane on an event-by-event basis. The measurement of 
photon multiplicity gives vital information in terms of limiting fragmentation, order 
of phase transition, the equation of state of matter and the formation of disoriented 
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chiral condensates. 
The PMD uses the preshower method, where a 3Xo (~ 1.5 cm) thick lead con-
verter with 0.5 cm thick stainless steel backing is sandwiched between two planes of 
high granular gas proportional counters. The sensitive element of the detector con-
sists of a large arrays of gas proportional counters in a honeycomb cellular structure. 
The basic ("ell is a honeycomb shaped cathode which has a 20 /zm thick gold plated 
tungsten wire kept at a ground potential at the centre of each cell. The schematic 
diagram of the unit cell is shown in Fig. 2.15. 
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Fig. 2.15. Schematic diagram of the cross section of a unit cell of the PMD. 
The granularity of the PMD was optimized given the requirements of low oc-
cupancy, high efficiency and purity of photon detection at the maximum predicted 
charge particle multiplicity density [dNch/dr] = 8000). The cell cross section and 
depth are 0.22 cm'^  and 0.5 cm, respectively. The insulation circle diameter is 2 mm 
and the diameter of wire support is 0.3 mm. The optimal operating voltage for the 
detector is - 1400 Volts. The efficiency is about 96 % for the charged pions at this 
voltage. 
The PMD chambers are fabricated in the form of module consisting of 4608 hon-
eycomb cells. Each plane of PMD is made up of 24 modules as shown in Fig. 2.16. 
Two different types of modules (A - type and B - type) were employed, consisting of 
an array of 48 x 96 honeycomb cells configured in two different arrangements. Each 
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module is served by separate high voltage and low voltage supplies. In total, 48 high 
voltage channels are used for 48 modules. 
I73crt. 
PMD 
Fig. 2.16. The PMD position and layout in the ALICE shown with respect to ITS. 
The schematics of FEE for the PMD is similar to the set up for the tracking 
chambers of the Forward Dimuon Spectrometer of the ALICE. The signals from the 
anode wire for a group of 64 cells within a matrix of 4 rows and 16 columns are 
connected to two 32 pin FRC connectors by a flexible cable which cormects to the 
FEE board at the other end. The signals are processed using MANAS chips, which 
handle 16 channels providing multiplexed analog outputs. Each FEE board consists 
of four MANAS chips, two 12-bit ADCs and a custom built ASIC called MARC 
chip which controls all 64 channels and performs zero suppression of the data. A 
set of FEE boards are readout using Digital Signal Processors (DSP). The DSPs are 
handled through a cluster readout system (CROCUS). The main objective of the 
CROCUS is to gather and concentrate information coded on the FEE and pass to 
the DAQ, drive the FEEs via patch bus controllers, receive and distribute the trigger 
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signals and perform the calibration of the detector. Each CROCUS crate can handle 
50 patch buses. Each patch bus handles one chain of FEE boards. 
2.3.14 Forward Multiplicity Detector 
The main function of Forward Multiplicity Detector is to provide charged particle 
multiphcity information in the pseudorapidity range - 3.4 < r; < - 1.7 for FMDl and 
1.7 < T; < 5.0 for FMD2 and FMD3. Fig. 2.17 shows the location of each FMD ring 
in ALICE as well as the basic layout of the silicon sensors that are located on either 
side of the ITS detector. 
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Fig. 2.17. Layout of the FMD rings in the ALICE experiment. 
The FMDl ring is placed further from the interaction point to extend the charged 
particle multiplicity coverage. An outer ring is not necessary on FMDl because it 
would have added additional material in front of the PMD. FMD2 and FMD3 each 
consist of both an inner and an outer ring of silicon sensors and are located on either 
side of the ITS detector. FMD2 and FMD3 are positioned to have approximately 
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the same acceptance. However, the presence of TO detector necessitated a different 
placement for the FMD3 inner ring. 
Eax;h detector ring consists of 10 and 20 silicon sensors for inner and outer rings. 
The radial span, distance from inner radius to outer radius, is limited by the 15 cm 
diameter by wafers from which the silicon sensors are made. Two types of silicon 
sensors were fabricated. Inner sensors consist of two azirnuthal sectors each with 512 
silicon strips. The radii of inner strip range from 4.2 cm to 17.2 cm. Outer sensors 
also consist of two azirnuthal sectors each with 256 silicon strips with radii ranging 
from 15.4 cm to 28.4 cm. Each ring (irmer and outer) contains 10240 silicon strips 
giving the full FMD a total of 51,200 silicon strips to be readout. An assembled FMD 
ring system (FMD3) is shown in Fig. 2.18. 
Fig. 2.18. Assembled FMD3 detector. Two outer digitizer boards can be seen while the 
two inner digitizer boards are partially covered. Each of the green cables connects a silicon 
module mounted on the other side of the support plate of its respective digitizer board. 
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To achieve the best signal resolution, amplification of the signal must be done as 
close as possible to the detector element. A VA preamplifier chip [27] is placed directly 
on the hybrid PC card to amplify and shape of the detected signal. This preamplifier 
chip has low noise (250 - 350 ENC for the FMD detector load) and a gain allowing 
for signals upto 20 MIPs to be readout before saturating. Each VA chip has input 
lines for individual amplification and shaping of 128 signals. An inner silicon module, 
therefore, requires eight VA chips, while an outer silicon modules requires four. 
Further, electronics is needed to digitize the signals and to control readout. Short 
readout cables connect five inner modules to an inner digitizer card or 10 outer mod-
ules to an outer digitizer card. The main components of a digitizer card are the 
ALTRO chip [28] (three per digitizer card), each used for digitizing the signal from 
one or two silicon modules, and an FPGA chip, which controls the readout of the sil-
icon modules as well as controlling monitoring services for temperature, voltage and 
current. Transfer of data from the ALTRO buffers to the DAQ system is controlled 
by the RCU and done serially for all data in all ALTRO buffers for that event on a 40 
MHz bus that can transfer data nominally at 160 MB/s and maximally at 200 MB/s. 
2.3.15 VO Detector 
The VO detector [29] is a small angle detector which provides minimum bias triggers 
for the central barrel detectors in pp and A-A collisions. The VO serves as an indicator 
of the centrality of the collision via the multiplicity recorded in the event. Cuts on 
the number of fired counters and on the total charge can be applied to achieve rough 
centrality triggers. It provides a validation signal for the muon trigger [30] to filter 
background in pp mode. Finally, the VO detector participates in the measurement of 
luminosity in pp collisions with a good precision of about 10 %. 
The VO detector is made of two arrays of scintillator counters called VOA and VOC 
which are installed on either side of the ALICE interaction point. The VOA is located 
340 cm from the Interaction Point on the side opposite to the Dimuon Spectrometer. 
The VOC is fixed at the front face of the hadronic absorber, 90 cm from the vertex. 
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They cover the pseudorapidity ranges 2.8 < r; < 5.1 (VOA) and - 3.7 < 77 < - 1.7 
(VOC) for collision vertex at the central position. A picture of each array is shown in 
Fig. 2.19. 
Fig. 2.19. Front view of VOA (left) and VOC (right) arrays. 
The Channel Concentrator Interface Unit (CCIU) board distributes the clock to 
elements of FEE, generates the calibration triggers, the five final trigger and busy 
signals, collects and organizes the data from CIU boards, provides several interfaces 
with some elements of ALICE ECS (Experimental Control System). The three main 
blocks of CCIU board are: (i) the FPGA for the data handling, (ii) the SIU mezzanine, 
interface between DAQ and FEE and (iii) the DCS mezzanine, interface between FEE 
and DCS for the VO slow control and between FEE and TTC partition. 
2.3.16 TO Detector 
The TO detector [29, 31] was designed with the following objectives: 
First , to generate a TO signal from the TOF detector. This timing signal corre-
sponds to the real time of the collision (plus a fixed delay) and is independent of the 
position of the vertex. The required precision of the TO signal is about 50 ps (r.m.s.). 
Second, to measure the vertex position (with a precision of ± 1.5 cm) for each 
interaction and to provide LO trigger when the position is within the preset values. 
This will discriminate against beam - gas interactions. 
Third, to provide an early 'wake-up' signal to TRD, prior to LO. 
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Fourth, to measure the particle multiplicity and generate one of the two possible 
t r igge r s ignals : TOsemi-central or TOcentral-
The detector consists of two arrays of (7erenkov counters, 12 counters per array, 
namely: TO A and TOC. Each Cerenkov counter is 30 mm in diameter and 45 mm 
long optically coupled to a quartz radiator 20 mm in diameter and 20 mm thick. The 
TOC array is placed 72.7 cm from the nominal vertex. The pseudorapidity range of 
TOC is - 3.28 < r] < - 2.97. The TOA array is about 375 cm from the central region 
on the opposite side of the Interaction Point (IP) as shown in Fig. 2.20. The TOA is 
grouped together with the other forward detectors (FMD, VO and PMD) and covers 




Fig. 2.20. The layout of TO detector arrays inside ALICE. 
The TO timing signal is generated online by mean timer. The position of the 
TO signal on the time axis is equal to (TOA + T0C)/2 + TdeMy, where T^i^y is the 
fixed delay of the analogue mean timer. The position of the vertex is measured as 
TOA - TOC and this value is fed to a digital discriminator with preset upper and 
lower limits, thus providing the TO^ertei trigger signal. TOsemi-centrai and TO,;e„fra; 
multiplicity trigger signals are generated by 2 discriminator levels applied to the 
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linear sum of the amplitudes from all the detectors in the array. 
The readout electronics consists of the CPDM (Clock and Pulse Distribution 
Module), TRM (TDC Readout Module) and DRM (Data Readout Module) cards.The 
CPDM card is used to distribute 40 MHz low-jitter LHC clock to TRM, DRM and 
to main TO electronics. The TRM card houses the HPTDC chips, used by TO in 
very high resolution mode (24.4 ps bin width). Each TRM card contains 30 HPTDC 
chips. The DRM card is the TO interface to the ALICE DAQ system, it reads and 
encodes the data from the TRM cards and sends them to the ALICE DAQ via the 
DDL optical hnk. The DRM card receives the trigger information from the CTP via 
the TTCrx chip and performs a slow control function with a dedicated CPU. 
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Chapter 3 
Forward Dimuon Spectrometer of the ALICE 
In Chapter 2 a brief overview of some of the detector systems in ALICE is presented. 
However, a detailed description of the Forward Dimuon Spectrometer of the ALICE 
detector is given in this chapter. 
One of the most promising probes of QGP phase is the production pattern of heavy 
quarkonia belonging to 3/ip and T families, which is sensitive to the medium and 
thus, for de-confined matter the pattern will be quite different from that of confined 
matter. It may be interesting to mention that J/tp, I/J', T . T ' and T" production can 
be detected via their /x"*"//" decays. The invariant mass of the muon pair, which is the 
mass of the resonance, can be measured by Forward Dimuon Spectrometer (FMS) of 
the ALICE detector. FMS thus, aims to measure the production of J/tp, ip', T, T', 
T" in different reactions like Pb - Pb, Ca - Ca, p - Pb, p - p, etc. 
Square of the invariant mass of a resonant state decaying into n^ix' can be written 
as: 
M^ = {P^, + P^-f (19) 
where F^+ and F,,- are the four-momenta of //+ and n~ respectively. Eq. 19 reduces 
to: 
M 2 = {E,^ + E,- f - (p^+ + p^- f (20) 
where £'^ + and E^^- are the total energies of /i"*" and ii~ respectively, whereas p^ + and 
P;j- represents respectively the momenta of //+ and //" which are connected as: 
(PT)/.+ =1 P^ + I sin^ (21) 
(PT)M- =1 P .^- I sin^ (22) 
where (PT)^+ and (PT)/^- are the transverse momenta of //+ and /x" respectively and 
e is the bending angle of the particle in the magnetic field; these variables shall be 
measured by the Dimuon Spectrometer. 
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3.1 Introduction 
The Dimuon Spectrometer will measure the complete spectrum of heavy quark vec-
tor meson resonances as well as 0 mesons. The simultaneous measurement of all the 
quarkonia species with the same apparatus will allow a direct comparison of their 
production rates as a function of different parameters, such as transverse momentum 
and collision centrality. In addition to vector mesons, the unlike sign di-muon con-
tinuum upto masses around 10 GeV/c^ will be measured. 
The Dimuon Spectrometer will participate in ALICE data taking for Pb - Pb 
collisions at 10^ ^ cm~^sec"^ luminosity. The situation is different for intermediate 
mass ion collisions (e.g., Ar - Ar). In this case, beside a general ALICE run at low 
luminosity L = 10^ ^ cm"^sec"^ to match the TPC rate capability, a high luminosity 
run at, L = 10^ ^ cm~^sec"\ has been proposed, to improve the T covmting statistics. 
For the high luminosity run, the Dimuon Spectrometer will take data together with 
a limited number of ALICE detectors, ZDC, SPD, PMD, TO, VO and FMD. These 
detectors will allow determination of the centrality of the collisions. 
The main design criteria of the Spectrometer are driven by the following consid-
erations: 
• Large acceptance: The accuracy of di-muon measurements is statistics limited 
(at least for the T family) and thus, the Spectrometer's geometrical acceptance 
is chosen as large as possible. 
• Low PT acceptance: A large acceptance down to zero pr is required for mea-
suring direct J/i) production. At high pr a large fraction of J/t/)'s is produced 
via bottomonium - decay [1]; based on Tevatron measurements [2] the contri-
bution from bottomonium - decay to the total J/ip yield is ~ 10% for pr < 3 
GeV/c and then it increases linearly to ~ 40% for p^ around 15 - 18 GeV/c. 
• Forward region: Muon identification in the heavy - ion environment is only 
feasible for muon momenta above about 4 GeV/c because of the large amount of 
material (absorber) required to reduce the flux of hadrons. Hence, measurement 
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of low PT charmonia is possible only at small angles, i.e., at large rapidities, 
where muons are Lorentz boosted. 
• Invariant mass resolution: A resolution of 70 (100) MeV/c^ in 3 (10) GeV/c^ 
di-muon invariant mass region is needed to resolve the J/'0 and xp' (T, T' and 
T") peaks as indicated in Fig. 3.1. This requirement determines the bending 
strength of the Spectrometer magnet as well as spatial resolution of the muon 
tracking system. It also implies a careful optimization of the absorber so as to 
minimize multiple scattering of di-muon in the absorber. 
• Trigger: The Spectrometer is equipped with a selective di-muon trigger system 
to match the maximum trigger rate of about 2 kHz which can be handled by 
the DAQ. 
• High multitrack capability: The tracking and trigger detectors of the Spec-
trometer were designed to handle the high particle multiplicity expected in 







Fig. 3.1. Invariant mass distribution of n~^fJ.~ with a pr cut of 3 GeV/c by simulation. 
The lower curve represents the continuum, where both the muons come from the decays of 
bottomonium. 
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The Dimuon Spectrometer is designed to detect muons in polar angular range: 
171° - 178°. This interval, a compromise between acceptance and detector cost, 
corresponds to pseudorapidity range of - 4.0 < T; < - 2.5. The Dimuon Spectrometer 
comprises of the following: 
• a front absorber to absorb hadrons and photons coming from the interaction 
vertex; 
• a high granularity tracking system of 10 detection planes; 
• a large dipole magnet; 
• a muon filter wall (iron absorber); 
• four planes of trigger chambers; 
• an inner beam shield (small angle absorber) to protect the chambers from pri-
mary and secondary particles produced at large rapidities. 
The layout of Dimuon Spectrometer is shown in Figs. 3.2 and 3.3. The main 
challenge for the Dimuon Spectrometer results from high particle multiplicity per 
event rather than from the event rate. Great care was taken both in the design of 
the absorbers, which have to provide strong absorption of the hadron flux coming 
from the interaction vertex, and of the detectors, which must be able to sustain the 
remaining high multiplicity. To optimize the Spectrometer layout, simulations with 
FLUKA [3], C95 [4] and GEANT3 [5] were carried out. The particle yields predicted 
by the HIJING [6] event generator and multiplied by an extra safety factor of two are 
used as input. Details of main parameters of the Dimuon Spectrometer are presented 
in Table 3.1. 
3.2 Absorbers 
The front absorber, whose length is 4.13 m (~ lOXinu ~ 60Xo), is located inside the 
solenoid magnet. The fiducial volume of the absorber is made predominantly out of 
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Fig. 3.2. Layout of Dimuon Spectrometer. 
Fig. 3.3. Dimuon Spectrometer's longitudinal section. 
Carbon and concrete to limit small angle scattering and energy loss by traversing 
muons. At the same time, the front absorber is designed to protect other detectors 
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of ALICE from secondaries produced within the absorbing material itself. The Spec-
trometer is shielded throughout its length by a dense absorber tube surrounding the 
beam pipe. 
Table 3.1: Summary of the main characteristics of the Muon Spectrometer. 
Muon detection 
Polar, azimuthal angle coverage 
Minimum muon momentum 
Pseudo rapidity coverage 
Front absorber 
Longitudinal position (from IP) 
Total thickness (materials) 
Dipole magnet 
Nominal magnetic field, field integral 
Free gap between poles 
Overall magnet length 
Longitudinal position (from IP) 
Tracking chambers 
No. of stations. No. of planes per stations 
Longitudinal positions of stations 
Anode - cathode gap (equal to wire pitch) 
Gas mixture 
Pad size station 1 (bending plane) 
Pad size station 2 (bending plane) 
Pad size station 3, 4 and 5 (bending plane) 
Max. hit density st. 1-5 (central Pb - Pb x 2) 
Spatial resolution (bending plane) 
Tracking electronics 
Total number of FEE channels 
Shaping amplifier peaking time 
Trigger chambers 
No. of stations, No. of planes per station 
Longitudinal position of stations 
Total no. of RPCs, total active surface 
Gas gap 
Electrode material and resistivity 
Gas mixture 
Pitch of readout strips (bending plane) 
Max. strip occupancy bend, (non bend.) plane 
Maximum hit rate on RPCs 
Trigger electronics 
Total no. of FEE channels 
No. of local trigger cards 
2° <e < 9°, 360° 
4 GeV/c 
- 4.0 < T? < - 2.5 
- 5030 mm < z < - 900 mm 
(~10Ajnt, ~60Xo) (carbon-concrete-steel) 
0.67 T, 3 Tm 
2.972 - 3.956 m 
4.97 m 
- z = 9.95 m (center of the dipole coils) 
5,2 
- z = 5357, 6860, 9830, 12920, 14221 mm 
2.1 mm for st. 1, 2.5 mm for stations 2 -5 
80 % Ar : 20 % CO2 
4.2 X 6.3, 4.2 X 12.6, 4.2 x 25.2 mm^ 
5 X 7.5, 5 X 15.0, 5 x 30.0 mm^ 
5 X 25, 5 X 50, 5 X 100 mm^ 
5.0, 2.1, 0.7, 0.5, 0.6 x 10"^ hits/cm^ 
~ 70 nva. 
1.08 X 10^ 
1.2 /isec 
2,2 
- z = 16120, 17120 mm 
72, ~ 140 raet^ 
2 mm 
Bakelite^^, p = 2 - 4 x 10^ ficm 
Ar/C2H2F4/i-C4Hio/SF6 (50.5/41.3/7.2/1) 
10.6, 21.2, 42.5 mm (for trigger st. 1) 
3 % (10 %) in central Pb - Pb 
3 (40) Hz/cm2 in Pb - Pb (Ar - Ar) 
2.1 X 10^ 
234 + 2 
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The tube (beam shield) is made of Tungsten, Lead and stainless steel. It has a 
conical geometry to reduce background particle interaction along the length of the 
Spectrometer. While the front absorber and the beam shield are sufficient to protect 
the tracking chambers, additional protection is needed for trigger chambers in order 
to take clean trigger decisions. For this reason a muon filter made of 1.2 m thick 
(~ 7.2Xint) iron wall , is placed after the last tracking chamber, in front of the first 
trigger chamber. The front absorber and muon filter stop muons with momentum 
less then 4 GeV/c. A simulated picture of front absorber is shown in Fig. 3.4. 
Fig. 3.4. Conceptual design of front absorber of Dimuon Spectrometer. 
3.3 Dipole Magnet 
The dipole magnet [7] is placed at 7.0 m from the interaction vertex. The size (free 
gap between poles, height of the yoke and total weight are respectively 3.5 m, 9.0 m 
and 900 t) is defined by the requirements on the angular acceptance of Spectrometer. 
The magnetic flux density (Bn^rj = 0.67 T, 3 Tm field integral between IP and muon 
filter) is defined by the requirements of the mass resolutions. 
The magnet yoke is constructed from 28 low-Carbon steel sheets of 3 cm thickness, 
which are welded to each other. The vertical poles are oriented at an angle o# 9" 
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with respect to the vertical symmetry plane. The two saddle type coils have semi -
cylindrical coil ends. They are constructed from hollow Aluminium conductor with 
square cross section of 25.5 cm^ and an internal hole for cooling with demineralised 
water at a rate of some 130 m^/hr. Each coil is assembled from 3 subcoils with 4 
layers of 14 turns each. They delimit the overall length of the magnet to 5 in. The 
distance of the centre of the dipole yoke from the IP is 9.87 m. A full assembled 
dipole magnet is shown in Fig. 3.5. 
Fig. 3.5. 4 general vipw of the dipole magnet. 
The magnet has been installed in its final position on a 3 m high reinforced 
concrete platform. The close distance, 10.0 cm, between the solenoid magnet and 
the dipole leads to a strong magnetic field between the two magnets, however, 
measurements at full power do not indicate any displacement of the magnet structure. 
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3.4 Trigger System 
3.4.1 General considerations 
In central Pb - Pb collisions, about eight low pr muons from TT and K decays are 
expected to be detected per event in the Spectrometer. To reduce the probability of 
triggering on events, where these low pr muons are not accompanied by the high p j 
ones emitted in the decay of heavy quarkonia (or in the semi-leptonic decay of open 
charm and open beauty), a pr cut is applied at the trigger level on each individual 
muon [8]. Two programmable cuts, low pr and high p^ cuts, are performed in parallel 
by the trigger electronics [9]. The values of p^ thresholds can range from 0.5 to 2.0 
GeV/c. The following six trigger signals are delivered to ALICE'S Central Trigger 
Processor (CTP), less than 800 ns after interaction, at 40 MHz frequency: 
• at least one single muon track above the low (high) pr cut; 
• at least two unlike-sign muon tracks, each of them above the low (high) pr cut; 
• at least two like-sign muon tracks, each of them above the low (high) pr cut. 
Thresholds for low and high px cuts represent a compromise between background 
rejection and signal detection efficiency in the mass regions of the J/tp and T reso-
nances. 
3.4.2 Trigger detector 
To perform p^ selection, a position-sensitive trigger detector with space resolution 
better than 1 cm is required. This resolution is achieved by Resistive Plate Chambers 
(RPCs) operated in streamer mode [10]. The trigger system consists of four RPC 
planes arranged in two stations, one metre apart, placed behind the muon filter. 
Each plane consists of 18 RPC modules and the typical size of a module is about 
70 X 300 cm^, corresponding to a total active area of about 140 m^ [11]. The RPC 
electrodes are made up of low-resistivity Bakelite (/? ~ 3 x 10^  Qcm), to attain the 
needed rate capability (maximum expected value around 40 Hz/cm^ for Ar - Ar high-
luminosity run). To improve the smoothness of the electrode surface, these are coated 
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with linseed oil. 
The (x, y) coordinates of the RPC hits are read out by segmented strips with pitch 
and length increasing with their distances from the beam axis. Extensive tests were 
carried out to study the long-term behaviour of small-sized RPC prototypes operated 
in streamer mode. It was shown that RPCs are able to tolerate several ALICE years of 
data taking with heavy-ion beams [12]. It is worthnoting that the detectors will take 
data for different colliding systems, resulting in a wide range of working conditions 
and requirements, in particular concerning position resolution and detector Ufetime. 
The possibility of working in avalanche mode with the same front-end electronics was 
investigated in several beam and ageing tests [13] showing that this mode of operation 
is well suited for pp runs, where the requirements on the detector lifetime are more 
severe than in heavy-ion runs. An over all view of the two trigger stations mounted 
at their final location is shown in Fig. 3.6. In the same figure an individual RPC 
module is exhibited as well. 
3.4.3 Trigger electronics 
The RPCs are equipped with dual-threshold front-end discriminators [14] (ADULT), 
which are adapted to the timing properties of the detector and reach the necessary 
time resolution (1 - 2 ns) for the identification of the bunch crossing. Prom the 
discriminators, the signals are sent to the trigger electronics based on programmable 
circuits working in pipeline mode at 40 MHz. The trigger electronics is organized in 
3 levels: local, regional and global. The local trigger algorithm of each local board 
searches for a single track pointing approximately back to the primary interaction 
vertex, using the information of the four RPC detector planes. Hits in at least 3 
detector planes out of 4 are required to define a tracklet, both in the bending and 
non-bending planes. The non-bending plane algorithm is essential for background 
rejection. In the bending plane, the track deviation relative to a particle with infinite 
momentum is computed. Subsequent cuts on this deviation, performed by means of 
on-board look-up tables, allow the delivery of the low and high px trigger signals on 
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single rnuoris. Finally, the regional and the global levels gather the signals of all local 
boards and deliver the single muon, like-sign and unUke-sign di-muon triggers of the 
whole detector. The initial information from the detectors as well as the information 
at various stages of the local, regional and global algorithms are stored for readout 
in the corresponding boards. 
Fig. 3.6. Left: View of the two trigger stations sitting behind the muon filter.Right-
top: schematic view of an RPC cross section.Right-bottom: An individual RPC module 
equipped with the Front-End Electronics. 
3.5 Tracking System 
3.5.1 Tracking chambers 
The tracking system is made by ten high gain (~ 10^) chambers grouped into five 
stations for reconstruction of the tracks of Minimum Ionising Particles (MIP). The 
first two are placed before, the third is inside and the last two are after the dipole 
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magnet, as shown in Fig. 3.7 with green blocks. Each station is made of two chamber 
planes. Each chamber has two cathode planes, which are both read out to provide two-
dimensional hit information .^ The first station is located right behind the absorber 





(Catttode Pad Ctiamt>ers) 
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Fig. 3.7. Schcniatic view of tracking system in Dinuion Spectrometer. 
For heavy - ion collisions at LHC luminosities, interaction rates will be low but 
multiplicity per event will be high. Despite shielding, in central Pb - Pb collisions 
several hundred particles would hit each tracking chamber. Thus, the tracking sta-
tions have to detect few muori pairs coming form heavy resonance decays over this 
large background. In order to achieve the desired invariant mass resolution of the 
order of 70 and 100 MeV/c^ respectively in the J/i/> and T mass regions [17, 18], the 
tracking stations have to satisfy the following requirements: 
• a spatial resolution of the order of < 100 /im in the bending plane to achieve a 
muon momentum resolution (5p/p < 1%; 
''Additional iiiforiiiatioii about the clusterizer and tracking algorithms of the tracking system can 
be found in references [15, 16] 
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• a resolution of about 2 mm in the non-bending plane to reconstruct the angle 
of the muons and to guarantee an efficient track-finding; 
• an average material thickness less than 3% of XQ; 
• to operate efficiently at hit densities upto 5 x 10"^ hits/cm^; 
• low sensitivity to photon and neutron background; 
• a charged particle detection efficiency of > 95%. 
The tracking system covers a total area of about 100 m^. All these requirements 
are fulfilled by the use of Cathode Pad Chambers (CPC). The particle coordinates are 
determined by calculating a weighted mean of the charge induced on cathode pads. 
The major advantage of these detectors is the possibility to segment the cathode 
planes as a function of local hit density, which varies as a function of chamber radius. 
To keep the occupancy at about 5 % level, a fine granularity segmentation of the 
readout pads was needed. For instance, pads as small as 4.2 x 6.3 mm^ were used for 
the region of the first station close to the beam pipe, where the highest multiplicity 
of particles is expected. Since the hit density decreases with the distance from the 
beam, larger pads are used at larger radii, keeping the total number of channels at 
about one Million. Multiple scattering of muons in the chambers is minimized by 
using composite material (e.g., Carbon fibre). Because of the different sizes of the 
stations, ranging from a few square meters for Station 1 to more than 30 m^ for 
Station 5, two different designs were adopted. 
The first two stations, namely. Stations 1 and 2 have a quadrant design [19], with 
the readout electronics distributed on their surface. For the other stations, namely, 
3, 4 and 5 a modular structure composed of slats was chosen. The maximum size of 
the slat is 40 x 280 cm^ and electronics is implemented on the side of the slats. The 
stations are designed to avoid any inactive area in the chamber. This is achieved by 
having an overlap between the active area of one quadrant or slat and the frame of 
the other. This scheme of overlapping is exhibited in Fig. 3.8 for Station 2 and active 
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surface for each tracking station is given in Table 3.2. 
Fig. 3.8. Overlap scheme of one of the planes of Station 2. 




























3.5.2 Geometry of chambers 
The working of five tracking stations are based on the standard Multiwire Propor-
tional Chamber. However, design of the individual detector has been adapted to meet 
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the constraints imposed on different tracking stations. All the chambers are made by 
a central anode wire plane and two cathode planes. When a charged particle passes 
through the detector, it hits the pads of the cathode planes and deposits the charge. 
The charge induced on the cathode pads by the charged particle is collected by a 
devoted readout out system (see Section 3.6) on both cathode planes and the (x, 
y) positions of the hits are found. According to the ALICE co-ordinate system the 
particles will bend in the xz plane because the magnetic field is in the same plane and 
a better resolution along x direction is needed. Hence, the plane with pads of fixed x 
value and varying y values is called bending plane. In the same way the plane giving 
resolution along y direction with pads of fixed y value and varying x values is called 




Fig. 3.9. A schematic presentation of anode wire plane and cathode planes of CPCs. 
Various geometrical parameters, anode - cathode gap, the anode wire pitch and 
the pad lengths and widths, have been chosen, for each station, in order to satisfy 
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specific technical and physical requirements [21]. The details of parameters for Station 
2 are presented below. 
• The anode - cathode gap, d = 2.5 mm. A smaller value would lower the 
number of primary electron - ion pairs. This would then decrease dynamical 
range of the signal and could deteriorate the intrinsic efficiency of the detec-
tor. Moreover, a small gap would amplify any gain disparities due to possible 
mechanical defects in planarity between the anode and cathode planes. On the 
other hand, the spread of the induced charge on the cathode would become 
smaller and consequently the occupation rate would decrease whilst improving 
the double hit separation capability but it would increase the number of readout 
channels. 
A large anode - cathode gap would require fewer pads but increase the occupa-
tion rate. 
• The anode pitch, s (separation between anode wires) has classically been 
fixed at a value equal to the anode - cathode gap. The spatial resolution 
in the low resolution plane will be determined through the anode wire spacing. 
If a uniform particle distribution is considered, the expected resolution is cr = 
s/VT2. Thus, an anode pitch of 2.5 mm gives an expected resolution of the 
order of 700 - 800 fim. 
• The pad widths. Detailed modeUing was done to calculate the spatial reso-
lution, taking into account a reasonable level of electronic noise (0.5 % of the 
mean value of the charge deposited). Two basic geometries were studied: s = 
w = d = 2.5 ram; and s = d = 2.5 mm, w = 5.0 mm. In both the cases, most 
of the total charge was found to be distributed on atleast three pads. This was 
a minimum condition in order to be efficient in the reconstruction algorithm. 
Typical resolutions of 50 - 70 /^ m were found. A ratio of w/d = 2 (i.e., w = 
5.0 mm) was then finally chosen. 
• The pad lengths. The pad size, in each station, is chosen for minimizing the 
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occupancy factor. Since the hit density decreases as a function of radius, the 
cathode planes are divided into three regions with different pad lengths keeping 
the pad width constant to keep the occupancy level constant along the chamber 
radius. 
The Indian Collaboration (Saha Institute of Nuclear Physics, Kolkata and Physics 
Department, Aligarh Muslim University, Aligarh) has been responsible for the design, 
fabrication, installation and commissioning of Station 2. The 2""* Tracking Station 
will be discussed in detail in Chapter 5. The details of the modelling of Stations 1, 
3, 4 and 5 can be found in ref. [21]. 
3.5.3 Choice of gas mixture 
The chosen gas mixture must satisfy the following requirements: 
• low working voltage; 
• good ionization efficiency; 
• high gain; 
• low detection efficiency for neutral particles, in particular neutrons and 7s; 
• minimization of ageing effect. 
Avalanche formation begins at lower field values in noble gases and the most com-
mon choice is Argon due to its high specific ionization and low cost in comparison to, 
for example, Xenon and Krypton. However, for gains higher than 10^  - 10 ,^ pure Ar 
leads to permanent discharges. This is because of the following reason. 
During the avalanche formation the Ar excited molecules return to the ground 
state only through a radiative process. The energy of the emitted photon (11.6 eV) 
is sufficient to ionize the cathode material (the ionization potential is, for example, 
7.7 eV for copper) and this produces spurious avalanches, subsequent to the first one. 
This probability is high enough to induce a permanent discharge process. 
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This problem can be solved by adding a small amount (~ 10 - 20 %) of poly-
atomic molecules like Methane, Alcohol or even inorganic compounds (CO2 or BF3, 
for example). These, act as quencher, absorb the radiated photons and dissipate this 
energy through elastic coUisions or by dissociation into simpler radicals. By also sup-
pressing the spurious avalanches they allow to attain gains upto 10^  before discharge 
effects take place. Inorganic quenchers minimise ageing effect. 
It is also possible to increase the detector gain by adding small quantities of elec-
tronegative gases, freon, for instance. They absorb the radiated photons and also trap 
the electrons extracted from cathodes before they reach the anode plane to induce an 
avalanche. 
Organic quenchers can give many problems after high radiation fluxes have been 
absorbed. In fact, their recombination after dissociation can have, as a result, forma-
tion of liquid or solid polymers accumulating at anodes and cathodes. This formation 
can result in a continuous discharge and detector damage. This can be restored only 
after complete cleaning. 
Some tests were conducted with a CPC prototype by using different gas mixtures 
and different percentages of quenchers [22]. The mixture, Argon - Isobutane, shows 
a good ionization efficiency but it is sensitive to neutrons and is flammable. On the 
other hand, Ar and CO2 mixture shows a good ionization efficiency and it does not 
contain hydrogen atoms which could induce n - p reactions. By showing a reduced 
sensitivity to neutrons, it contributes to the background reduction. As a consequence 
of the results obtained in these tests, it was decided to use a gas mixture containing 
80 % Ar and 20 % CO2. 
3.5.4 Geometry monitoring system 
The alignment of the tracking chambers is crucial in order to achieve the required 
invariant mass resolution. Dedicated runs without magnetic field will be carried out 
at the beginning of each data taking period in order to align the 10 tracking chambers 
with straight muon tracks, thus determining the initial geometry of the system. The 
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displacements and deformations of the tracking chambers with respect to the initial 
geometry due to different reasons, including switching on the magnetic field, will 
be measured and recorded during data taking by the Geometry Monitoring System 
(GMS). The requirement is to monitor the position of all the tracking chambers with 
a resolution better than 40 fim. 
The GMS is an array of 460 optical sensors which are installed on platforms placed 
at each corner of the tracking chambers. Two different types of optical devices were 
adopted: the BCAM and the Proximity [23]. A layout of BCAM is shown in Fig. 
3.10. 
BCAM Side Mead ( A 2 0 4 0 ) 
Davica SeckBl ( R J - 4 5 } 







Fig. 3.10. A layout of BCAM. 
A detailed description of these devices can be found in ref. [24]. In both cases, the 
image of an object is projected on a CCD sensor through a lens. The analysis of the 
recorded image provides a measurement of the displacement. The most important 
difference between the two systems is represented by the object, i.e., the light source 
used. For the BCAM, which is a long-range system, the object is a pair of point-like 
LEDs, while it is a coded mask for the Proximity, which is used for small distances. 
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The GMS consists of three parts. The first one is the Longitudinal Monitoring 
System (LMS), shown in Fig. 3.11. Its role is to monitor the relative positions of the 
chamber planes. It is composed of BCAM lines linking two neighbouring stations, 
and Proximity lines linking the two chambers of each station. 
BCAM lilies 
X PROX lipxs 
Fig. 3.11. The Longitudinal Monitoring System (LMS). 
The second part is the Transverse Monitoring System (TMS). It monitors the 
flatness of the chamber support planes and is made of BCAM optical lines. FinatKy, 
the last part of the system is represented by External Monitoring System {EMS). 
It is composed of eight BCAM lines linking the last chamber to the cavern walls to 
monitor the displacement of the whole Spectrometer. 
A complete simulation of the full system, including environment effects, was per-
formed to evaluate the overall GMS performance [25]. The performance of a part 
of the system was studied in a laboratory test, with a full-scale mock-up of three 
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half-planes of chambers 6,7 and 8. The test has established that the GMS is able to 
measure transverse displacements from the initial position with an accuracy of 7 /iui 
[26]. In this test, the effects of thermal gradients in the space between the chambers 
were investigated as well. When gradients similar to the ones expected in ALICE 
axe generated, the measured resolution on transverse displacement turns out to be 23 
/xm. Such a value is well within specifications, including some safety margin. 
I I 





Fig. 3.12. The Transverse Monitoring System (TMS). 
3.6 Tracking Electronics: readout system 
The design of the electronics of the tracking system was driven by two main require-
ments: 
• to read about one million channels upto a rate of the order of kHz; 
• to achieve a position resolution of the tracking chambers of at least 100 /j,m. 
The electronics chain is divided in three parts [27]: 
• The front-end boards , CEilled M A N U (MAnas NUmer ique) 
The front-end electronics and readout boards were carefully designed to achieve 
a noise as low as ~ lOOOe". The front-end electronics is based, for all the 
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tracking stations, on a 16-channel mixed signal ASIC called MANAS (Mul-
tiplexed ANAIog Signal processor), including the following functions: charge 
amplifier, filter, shaper, and track h hold. The digitization of the signal is done 
on board. The induced charge from 64 cathode pads collected and processed 
by four MANAS chips are fed into a 12-bit ADC, read out by the Muon Arm 
Readout Chip (MARC). It allows communication with the readout and per-
forms zero suppression. This chain is mounted on front-end boards (MANUs). 
Stations 1 and 2 have MANUs of 23 x 63 mm'^  size because of the i)ad sizes used 
in these stations. But Stations 3, 4 and 5 have MANUs of size: 32 x 50 mni^, as 
shown in Fig. 3.13. About 17000 MANU cards are necessary to treat the 1.08 
millions channels of the tracking system. Since the gain of each channel has to 
be precisely known to achieve the required position resolution, the parameters 
of each channel have been checked just after the assembly of the boards. They 
will be controlled in periodic calibration runs during the data taking and stored 
for use in offline track reconstruction. 
I^ P \ ,^ ,^. ' , 
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1 / /<>i ' f ' " r ->> i 
Fig. 3.13. MANU cards for Stations 1 and 2 (left) called MANU12 and for Stations 
3, 4 and 5 (right) called MANU345 with four MANAS chips mounted on them. 
• The readout system, called CROCUS (Cluster Read Out Concentra-
tor Unit System) 
The PATCH (Protocol for ALICE Tracking Chambers) buses provide the con-
nection between MANUs and the CROCUS crate. Each chamber is read out 
by two CROCUS, leading to a total number of 20 CROCUS. During the ac-
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quisition phase, the main tasks of the CROCUS are: (i) to concentrate and 
to format the data from the chambers and (ii) to transfer them to the DAQ 
and to dispatch the trigger signals. These crates also allow the control of the 
FEE and of the calibration processes. All these tasks are carried out in the 
CROCUS through a DSP and FPGA farm. Each CROCUS crate houses five 
frontal (FRT) data readout boards, which perform the first data concentration 
stage. Each FRT drives upto 10 PATCH buses and collects the data sent by 
MANUs. Data from FRTs are transferred to data concentrator (CRT) board, 
where they are encapsulated and then sent to the DAQ. So, a CROCUS is able 
to read upto 50 PATCH buses with a chamber occupancy upto 5 % and with 
rates of the order of 2 kHz. 
• The interface with general ALICE trigger, called TCI (Trigger Cro-
cus Interface) • 
The trigger signals, coming from Central Trigger Processor (CTP), are dis-
tributed to the FEE through the CROCUS by the TCI. The main goals of TCI 
are to decode the trigger signal, to generate the LI reject in the FFT board 
(Frontal Fan-out Trigger) and to manage the busy signals of all the CROCUS 
crates. All these signals are sent to the twenty CROCUS via five FTD (Frontal 
Trigger Dispatching) cards. 
All the components of the muon tracking electronics were intensively tested in 
the laboratory, with beams and with cosmic rays [28 - 30]. Additionally, radiation 
tests were successfully carried out. The FEE was tested with a proton beam [31] at 
a radiation level exceeding that for 10 years of ALICE running time by a factor of 
two. The CROCUS was tested using a neutron source. This test has shown that the 
number of SEU (Single Event Upset) in the worst case (first tracking station) will 
not exceed one SEU every two hours of data taking [32]. These performances fully 
satisfy the requirements of ALICE. 
A schematic view of the readout chain of the Forward Dimuon Spectrometer is 
displayed in Fig. 3.14. 
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Fig. 3.14. Schematic of the readout architecture. 
The present structure of the electronics is designed in such a way that for a given 
event, the reading sequence of the DAQ of the Spectrometer is the following [28]: 
• t = 0: 
Physic trigger (particle hit in the detector). 
• t = 1.2 /Lts: 
Trigger signal LO. Each MANU activates the Track & Hold lines for its MANAS 
chips. The analog signals are stored in the analog memory of each chaimel. 
• t = 1.2 /is to 40 fis: 
Data digitization performed; total time equal to 38 ^s (does not depend on the 
number of data words). 
• t = 40 /is to t = 76 fis: 
Data transfer time from front-end electronics to PATCH bus, stored in the front 
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DSPs. 
• t = 76 //s to t = 158 fj,s: 
Data processing time, data are transferred from front DSPs and built in the 
concentrator DSPs. 
• t = 158 //s to 484/is: 
Data transfer to the DDL. 
This data readout sequence has been graphically shown in Fig. 3.15. 
t-0lJSt=1.2MS t=40MS t=76iJS t=158 ps t=484iJS 
Digital!- PATCH bus 
-zation transmission 
Frontal DSPs to 
Concentrator DSPs 
Transmission 
Event buffer Transmission over DDL 
' 1 . 2MS 
LO 
38 us I 36 MS 
LI 
(t"7.4us) 




Fig. 3.15. The data readout sequence. 
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MANAS: the readout chip 
A modular design of the readout electronics was required to read large number of 
readout channels, around one million, associated with the tracking chambers. The 
main design issues were low noise, high reliability, low unit cost and ease in manufac-
turing, installation and repair. The charge induced on the cathode pad by a charged 
particle crossing the detector is very small ~ 10 - 200 fC and must be amplified. The 
large size of the cathode planes prohibits the dispatching of low level analog signal 
to the edge of the chambers and raise the noise level. Hence, digitization should 
occur close to the cathode pads. It was, therefore, decided to use a chip on board 
design. This required the use of charge amplifiers and multiplexers in the chip to be 
mounted on the board. The VLSI chip MANAS has been selected for this function. 
In the following section, a detailed description of the MANAS chip is presented; its 
design, validation and production were the responsibility of the Indian Groups, SINP, 
Kolkata and AMU, Ahgarh involved in the ALICE Collaboration. 
4.1 The Multiplexed ANAlog Signal processor 
4.1.1 Introduction 
The readout principle for all the tracking stations with the event rate expected at 
ALICE is based on an analog multiplexed measurement of the charges induced on 
the cathode pads of the tracking chambers [1]. 
In a detector, which is fully devoted to the reconstruction of the tracks of particles 
hitting the pads, it is required to minimize the electronics noise of every channel. The 
level of the noise should not be higher than ~ 5 x 10~^ of the total charge measured 
in a cluster. This corresponds to a typical value ~ 1000 electrons. 
With such considerations and constraints an Application Specific Integrated Cir-
cuit (ASIC) design of Very Large Scale Integration (VLSI) chip named MANAS was 
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designed at the Saha Institute of Nuclear Physics, Kolkata and fabricated at the 
Semiconductor Compelex Limited (SCL), Chandigarh, India using 1.2 /wm CMOS 
technology [2]. 
4.1.2 Operating principle and architecture 
The MANAS chip is the Front-End readout chip for the tracking stations of the 
Dimuon Spectrometer. The operating principle of MANAS chip is similar to the op-
erating principle of Gassiplex [3]. It consists of 16 input channels and one output 
channel. Input signals, after processing, are available at output serially via a multi-
plexer. The outputs corresponding to each input channel are in the form of voltage 
levels that are a measure of the amount of input charge to that particular channel. 
Each channel has a Charge Sensitive Amplifier (CSA), a Deconvolution Filter (DF), a 
Semi Gaussian Shaper (SGS) and a Track & Hold (T/H) stage. MANAS chip also has 
an Analog Multiplexer (AM) that converts 16 parallel inputs into one serial output. 
The schematic diagram of a single channel with all the essential building blocks 
is shown in Fig. 4.1. 
SW, 
=1 > —^ — • 
CSfK DF SGS T/H MUX 
Fig. 4.1. Operational schematic of a single channel of MANAS chip. 
4.1.2.1 Charge Sensitive Amplifier 
The essential building block of CSA is an Operational Transconductance Amplifier 
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(OTA) built around a folded cascade architecture. The reset mechanism of the CSA 
is implemented by an active-feedback-resistor (R/). This resistor together with the 
feedback capacitor C/ gives a decay time constant of 20 /^sec. The CSA is basically 
a feedback amplifier that integrates the total input charge (Q) onto its feedback 
capacitor C/. The decay time constant is given by R/C/, which is usually kept much 
higher than the width of the input current pulse in order to ensure that complete 
charge collection occurs. The CSA then sees the input signal as a delta function and 
the resulting output is a slowly decaying step function with a peak amplitude Q/C/. 
4.1.2.2 Deconvolution Filter 
A large fraction of total charge is collected in a very short time. The characteristic 
time constant for the given chambers is of the order of 1 nsec and the signal con-
tinues for a much longer time, typically 50 to 100 //sees. The Deconvolution Filter 
compensates this long tail and passes the signal to the next stage as a decaying step 
waveform, where the decay is governed by the pole of CSA. 
4.1.2.3 Semi Gaussian Shaper 
Signal pulse from the DF has an exponential decaying long tail, typically 20 to 30 
//sees. This may cause serious problem in case of pulse pile up that alters the pulse 
amplitude, which is a measure of the total input charge Q. It is, therefore, mandatory 
to shape the pulses in a way that eliminates long tails, while keeping the maximum 
amplitudes unaltered. Incidentally, SGS shapes the pulses in a way that eUminates 
long tails while keeping the maximum amphtudes unaltered. 
4.1.2.4 Track & Hold 
Track and Hold (T/H) circuit consists of a hold capacitor C/,, unit gain buffer and a 
switch SW. SW is normally in the ON position and the voltage across C/i tracks the 
input signal from SGS filter. A properly timed clock opens the SW at the instant 
when the peak of the input signal arrives. The capacitor C/i, therefore, holds the 
peak amplitude of the input signal, which is a measure of the total input charge. 
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4.1.2.5 Multiplexer (MUX) 
The Analog Multiplexer (MUX) consists of sixteen swithces, from SWl to SW16. 
The output of these switches are connected together and this hne forms the output 
of the chip. 
The design specifications of a MANAS chip are Usted in Table 4.1. 
Table 4.1 Design specifications of a MANAS chip. 
Silicon Area 
Peaking Time 
Noise at 0 pF 
Noise Slope 
Dynamic Range (+) 






2.7 X 4.7 = 12.42 mm^ 
1.2 /isec 
640 e~ rms 





10 MHz (max) 
7 mW/channel 
0.03 mV/"C 
The final layout of MANAS chip, based on the design specifications given in Table 
4.1, is shown in Fig. 4.2. The description corresponding to each pin of a MANAS 
chip is presented in Table 4.2. 
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IN 1 - IN 2 
Description 
Channel signal inputs 3'"'^  to 16*'' channel 
yssA= - 2.5 V; analog -ve supply; connect to PCB -ve supply 
100 jxA current bias for CSA module; 
connect to PCB VDD via RcsA 
No connection 
Floating Pin; connected to PCB ground 
No connection 
20 /uA current bias for TH buffer module; 
connect to PCB VDD via RTHB 
^DDA = + 2.5 V; analog -l-ve supply; connect to PCB YDD 
^SS — - 2.5 V; connected to the substrate 
Low = 0 V, High = + 2.5 V, Active High; 
output clock for daisy chaining 
Low = 0 V, High = + 2.5 V, Active High, 
input clock for output multiplexing 
Low = 0 V, High = -1- 2.5 V, Active High, 
clear for output multiplexer and T/H capacitors 
GNDD = 0 V; digital ground; connect to PCB ground 
YssD = - 2.5 V; digital -ve supply, connect to PCB -ve supply 
^DDD = + 2.5 V; digital -l-ve supply; 
connect to PCB -f ve supply 
Multiplexed Analog Output 
50 ^A current bias for output buffer; 
connect to PCB VoD via ROB 
Analog ground; connect to PCB ground 
YsSA = - 2.5 V; analog -ve supply; connect to PCB -ve supply 
Vss = - 2.5 V; connected to the substrate 
No connection 
Low = 0 V, High = -1- 2.5 V, High Hold, input for Track & Hold 
Floating Pin; connected to PCB ground 
^outOFF = 0 V; adjustment of pedestal mean level offset 
45 nA current bias for Resistor, Filter & Shaper; 
connect to PCB VDD via RRDS 
VROFF = + 0.6 V; to adjust DC level of SWAN.OUT 
No connection 
Common calibration input; connected to all the channels 
via a small series capacitance of 0.2 pF (design value) 
Analog ground; connect to PCB ground 
^DDA = -)- 2.5 V; analog -t-ve supply; 
connect to PCB -l-ve supply 
Channel signal inputs {Vt and 2"^ ^ channel) 
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MANAS is a coUaborative effort of SINP - AMU - SCL - UTAC. The job descrip-
tion of each organization is mentioned in Table 4.3. 







Front-end design, Circuit simulation, MANAS bias 
conditions. Automatic Test Board validation, 
MANAS testing and validation of production batches 
MANAS testing and validation 
Back-end design, Setting-up of Aotumatic TestBench 
Wafer Fabrication 
Wafer testing, packaging and device testing 
4.2 MANAS testing 
In-house (manual) testing was done on a VME - DAQ based on DATE 3.7 to perform 
the pedestal and gain measurements of each channel of every device. The main aim 
of testing of MANAS chips at SINP was to deliver the devices with gain spread < 








Fig. 4.3. Test board sot up for testing MANAS, chips. 
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A common input voltage pulse was given to all 16 independent capacitors on test 
board from pulse generator to generate an input charge for each channel of MANAS. 
Four pulse signals were necessary for testing a MANAS chip. One pulse signal 
was for the input, and three more were necessary for the control signals. These were 
CLK, T/H and CLEAR. All pulse generators were synchronised by a common trigger 
from the input pulse generator. A triple output power supply was used for providing 
± 2.5 V for MANAS biasing. 
The operating points for testing are listed in Table 4.4. 
Table 4.4 The operating points for testing MANAS chips. 
IbiasCSA = 100 fiA (Pin # 16) 
llnasTHB = 22 /xA (Piu # 23) 
luasOB = 20 /xA (Pin # 33) 
IbiasRDS = 39 //A (Pin # 41) 
yROFF = 0.66 V (Pin # 42) 
VoutOFF = 100 mV (Pin # 40) 
Operating point is set by varying InasRos and YROFF as both of these values are 
expected to affect the gain dispersion. The details of the measurements are given in 
Table 4.5. It is clear from Table 4.5 that for IbiasRDS — 39 //A and WROFF = 0.66 V, 
RMS/Mean = 2,2 is the minimum achieved value. 
Note: RMS/Mean is the ratio of the RMS value of the gaussian distribution of the 
gain of all the channels of a MANAS chip to the mean value of the distribution. 
4.2.1 Testing of validation batch 
In the fourth week of May, 2005 seven thousand MANAS devices, fabricated during 
20*'^  to 27*'' week of 2004 at SCL, were tested and packaged at UTAC, Singapore. 
A total of four thousand devices were sent to IPN, Orsay for fabrication of MANU 
cards and the rest were made available to SINP. 
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Table 4.5 Measurement of RMS/Mean at different VROFF and IfnasRDS-
'-biasRDS (M) RMS/Mean at 100 fC RMS/Mean at 200 fC 




















These devices were tested at room temperature both at SINP and Orsay in the 
gain and pedestal windows: (3.8 - 4.4) mV/fC and (60 - 220) mV respectively. It was 
found at both the places ~ 50 % of the devices had one or two (in few cases even 
more than two) channels outside the specified gain window (4.1 ± 0.3) mV/fC. This 
finding was first reported by Jean Peyre from his initial tests [5]. 
Figs. 4.4 and 4.5 exhibit the results obtained at SINP. It is evident from Fig. 4.4 
that there were channels with high and low gains with respect to the gain window. 
Fig. 4.4. Gain distribution of 294 channels observed at SINP. 
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Fig. 4.5, Pedestal distribution observed at SINP. 
This result is quite surprising as these chips qualified in this window on the Au-
tomatic Tester whose performance was independently vahdated in April, 2005. 
During validation of Automatic Test Bench (ATB) at UTAC, gain window was 
selected by testing 50 devices. In this testing, nine devices failed in the DC test. The 
gain distribution of the remaining 41 devices is exhibited in Fig. 4.6. 
Fig. 4.6. Gain distribution observed at ATB, UTAC. 
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Hence, the good gain distribution observed at ATB was an artifact. This mea-
surement differed from the measurement done at SINP in the following two aspects: 
• Pedestal and gain measurements on the ATB were done within 1 msec, which 
takes about a minute at the SINP lab. Thus, any property which changes over 
time scale of seconds will not be detected at the ATB. 
• Temperature at UTAC was around 22° C - 24P C, while at the SINP lab it was 
around 28° C. So, any temperature dependant effect will be very substantial in 
the lab at SINP. 
In order to examine the above effects, these devices were tested at high tem-
perature around 50° C. Figs. 4.7 and 4.8 show the swan out of a device at room 
temperature and high temperature (~ 50° C), respectively. 
•^HJ^-WI^/LR;]^-;: : :^ 
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Pedestal Swan out Swan out at 200 fC 
Fig. 4.7. Swan out at 0 pF and 200 pF for a device at room temperature. 
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Swan out at 200 fC 
Fig. 4.8. Swan out at 0 pF and 200 pF for a device at high temperature. 
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It is clear from Fig. 4.7 that in this device 2"*^  channel shows low gain at room 
temperature, whereas Fig. 4.8 reveals that swan out for this channel is absent for 
200 fC at high temperatures. Although channel remains functional as it shows the 
pedestal at high temperature. The swan out of pedestal and gain for another device 
at room temperature is displayed in Fig. 4.9 and Fig. 4.10 shows the swan out at high 
temperature. At high temperature three channels do not give any output, whereas 
the behaviour of these three channels at room temperature is quite satisfactory. 
Pedestal Swan out Swan out at 200 fC 
Fig. 4.9. Swan out at 0 pF and 200 pF for a device at room temperature. 
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Fig. 4.10. Swan out at 0 pF and 200 pF for a device at high temperature. 
On the other hand, almost 50 % of the devices do not exhibit this behaviour at 
high temperature. The swan out for all the channels of every device was observed 
and no variation with time was observed. In the case of bad channels, the swan out 
decreases with time in many cases at room temperature. For example, at the instant 
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when power was switched on, some bad channels were found to be good ones wlien 
observed on oscilloscope. However, this behaviour was not seen at high temperature, 
where the ambient temperature of the chip was anyway higher. This shows that the 
observed behaviour was strongly dependent on temperature. The pedestal and gain 
distributions of good devices at room temperature, i.e., the swan out of all the 16 
channels of the chips are present at high temperature and are shown in Fig. 4.11. 
p n i h ^ the gjInclWffcutton 0.66V 3BmlCfa»«l2IWc ^ 
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Fig. 4.11. Pedestal and gain distributions of good devices at room temperature. 
In order to identify the problem, we investigated the shaper output of the good 
and bad channels. The outputs are shown in Figs. 4.12 and 4.13. 
cFTT 200mVC! M 1.00US Chi f 1.5dV 
Fig. 4.12. Shaper output for a good channel. 
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Fig. 4.13. Shapcr output for a bad channel. 
From this observation it can be stated that: 
• For a good channel the shaper output is higher for higher biasing, which is the 
expected behaviour. However, for a bad channel the shaper output is lower for 
higher biasing. This unexpected behaviour seems to indicate a current leakage 
as it is expected to increase with higher bias voltage. This conclusion is also 
consistent with the previous observation that outputs of bad channels show a 
tendency of strong temperature dependence. 
In a MANAS, current leakage will affect the Charge Sensitive Amplifier (CSA) 
stage as this will change the operating point of the amplifier. One probable source of 
the leakage may be the BSD protection circuit, which is implemented by two back -
to - back reversed biased diodes. This circuit is shown in Fig. 4.14. 
The circuit simulations showed that DC level of the input to CMOS gate of CSA 
is maintained around - 1.0 V. Thus, both the diodes are reverse biased with \DD 
= + 2.5 V and Vgs = - 2.5 V in the ESD protection circuit. We also measured 
I - V characteristics of the diodes at reverse bias under the following two different 
conditions: 
1. Vo£> = + 2.5 V, Yss open and V,„ = 0.0 V to + 3.5 V 
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2. VDD open, Vss = - 2.5 V and V,„ = - 3.1 V to 0.0 V 
Measurements were done at 25 ± 1 ^C by using a Picoampere Meter and it was 
difficult to measure the reverse currents below 50 picoamp. For every set of measure-
ments, Vj„ varied from 0.0 V to ± 3.0 V and then came back to zero. In addition, 
every current value was measured five times for a given voltage and the mean value 
is exhibited in Fig. 4.15. 
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Fig. 4.15. I - V characteristic plots of diodes in ESD protection circuit. 
In the plots the red dots show the data points for good channels and the black 
ones are the data points for the bad chaimels. The data in the left plot were taken for 
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condition 1 when the diode P+/N-well became forward biased at + 3.0 V. Similarly, 
the data in the right plot were taken under condition 2 when the diode N^/P-sub 
became forward biased at - 3.0 V. From Fig. 4.15 the following conclusions can be 
drawn: 
• Leakage current in the ESD protection circuit is negligibly small (less than 50 
pA) for a good channel, whereas in a bad channel this current is at least 2 orders 
of magnitude higher; 
• Leakage current increases with increasing reverse bias voltage; 
• Reverse current is always of the same sign. In our measurements it was positive. 
This can be understood from the fact that one diode has N+ doping and the 
other has P+ doping. So, the minority carriers also reverse the sign for the back 
- to - back diodes. 
The variation of leakage current with temperature was plotted for condition 2 and 
Vjji = - 1.0 V. Fig. 4.16 shows that leakage current increases linearly with temperature 
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Fig. 4.16. Leakage current variation with temperature for a bad channel. 
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Circuit simulation of MANAS using spice file extracted from full chip layout pro-
vided by the SCL, Chandigarh was carried out and the simulated shaper output for 
an input charge of 300 fC is shown in Fig. 4.17. It is clear from this figure that the 
shaper output does not deteriorate upto a temperature of 100 "^ C. In order to observe 
the effect of leakage current at CSA stage, we ensured leakage currents of 10, 20, 30 
and 50 nA at the CSA stage. Results of these calculations for 20 and 50 nA leakage 
currents are given in Fig. 4.18 and it is noticed that there is no appreciable effect at 
20 nA but the output seems to be affected substantially at 50 nA. 
Fig. 4.17. Simulated shaper output for an input charge of 300 fC. 
Fig. 4.18. Shaper output at 20 nA (left) and 50 nA (right). 
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In order to quantify these results, the shaper output as a function of leakage 
current at high temperature (~ 50°C) is plotted in Fig, 4.19. The figure shows that 
for a 'leaky' channel the gain may change by more than a factor of five at a high 
temperature as compared to those at room temperature, where it may have very low 
leakage current. 
20 M 40 
Leakage Currant (nA) 
Fig. 4.19. Variation of shaper output with leakage current. 
We call a chip as 'good' chip whose swan out exists for all 16 channels at high 
temperature, while a 'bad' chip has atleast one channel dead at high temperature 
(refer to Figs 4.8 and 4.10). Absence of swan out at high temperature is because 
the channels outside the gain window at room temperature has some leakage current, 
which increases rapidly at high temperature. This leads to the failure of that channel 
at high temperature. 
In order to substantiate the simulation results, leakage currents were measured for 
randomly selected 50 chips from the faulty 2004 batch. The following measurements 
were done: 
• channelwise gains at room and high temperatures; 
• channelwise leakage currents at room and high temperatures. 
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Prom the tests of 50 chips at room and high temperatures only 23 good devices 
were found, i.e., almost 46 % devices of this lot were found to work at both room and 
high temperatures. The gain distributions for all the 50 chips and 27 bad chips are 
displayed in Fig. 4.20 and Fig. 4.21 shows the gain distribution for 23 good chips. 
It may be noticed from Fig. 4.21 that the gain distribution at room temperature 
for good chips is quite acceptable with RMS/Mean ~ 2.5 % and there is not a single 
channel with gain value outside the gain window. These chips were also tested at 
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Fig. 4.21. Gain distributions for 23 good chips at room temperature (left) and at high 
temperature (right). 
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Leakage currents for all 50 chips were measured at high temperature and the result 
is exhibited in Fig. 4.22 (left). In this figure single grid corresponds to all 16 channels 
of a MANAS. All the 27 bad chips show substantial leakage currents (~ 20 nA) at 
the dead channel. Furthermore, the correlation of the leakage current at room and 
high temperatures for 10 bad chips is shown in Fig. 4.22. At a later point of time 
this correlation was checked for all the 50 chips. We observed leakage currents lying 
in the interval: 4 nA - 5 nA at room temperature in the channels whose gains were 
outside the gain window. However, the leakage currents increase to 25 - 30 nA at 
high temperatures. 
- at room temp 
JU 
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Fig. 4.22. Measured leakage currents of 50 MANAS chips at high temperature (left). 
Correlation of leakage currents at room and high temperatures (right). 
Amplification observed in Fig. 4.22 (right) is about 5 times. The correlation of 
channel gain with leakage current is also plotted in Fig. 4.23. Fig. 4.23 (a) shows the 
second and third chips. It is evident from the figure that the second chip is a 'good' 
chip, the gains remain good at room and high temperatures and correspondingly 
there is no leakage current. The second channel for the third chip is bad as this 
shows a leakage current of ~ 4 nA at room temperature (in red) and the gain of the 
channel at room temperature (in green) is surely lower than the others (outside the 
gain window). At higher temperature the leakage current increases to ~ 30 nA (in 
blue) and the channel is dead. 
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In Fig. 4.23 (b), the observations of 14*'' and 15*'' chips are presented. The channel 
gain of the 14*'' chip is good both at room and high temperatures. Thus, this is a 
'good' chip. However, in 7*'* channel of this chip a small leakage current (< 3 nA) 
at room temperature was found, which increases to 5 nA at a high temperature but 
this does not have any appreciable effect on gain. This behaviour is consistent with 
our simulation studies, which has shown that the circuit is robust to leakage currents 
o fSnA (Fig 4.19). 
40(1 416 
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Fig. 4.23. Correlation of channel gain at room temperature (green) and high temperature 
(pink) with leakage currents at room temperature (red) and high temperature (blue). 
Correlations of the channel gain with leakage current for 25*'', 26*'' and 27*'' chips 
are shown in Fig. 4.23 (c). It is noticed that 25*'' chip is 'bad' in usual sense with 
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ll"* and 13*'' channels showing lower gain at room temperature and these channels 
die at a high temperature. 6*'' channel in 27*'' chip has a low leakage current at room 
temperature and this channel remains within the gain window at room temperature 
but at high temperature the leakage current increases to ~ 10 nA and the channel 
gain drops. 
Prom Fig. 4.23 it can be concluded that if the leakage current (both at room and 
high temperatures) is below 5 nA then the channel gain is not aflFected and there is 
an excellent correlation between the channel leakage current and channel gain. Thus, 
this production batch of SCL was rejected and it was suggested to UTAC to test the 
next batch of MANAS chips at high temperature as the leakage currents were found 
appreciable at high temperatures (~ 50°C) and in this way the bad chips were easily 
identified. 
4.2.2 Testing of pre-production batch 
The MANAS devices from U5284382.1 batch were tested in July, 2005 at ATB, UTAC 
at high temperature (50° C). This batch was a batch from the older FAB (batch from 
2004 FAB). The chips of this batch were tested because of the following reasons: 
• wafers for this batch were selected carefully to have low particle count, unlike 
those supplied in May, 2005; 
• datalog file helped us choose the gain and pedestal windows at 50° C; 
• to ascertain that all the bad chips from the lot could be removed by testing at 
50° C; 
• analysis of the datalog file were carried out to find whether we had gain-failures 
with zero gain at 50° C. This led to identify the chips with leakage currents. 
The datalog file of all the 2174 chips from U5284382.1 batch tested on ATB, 
UTAC was available. Out of these 2174 chips, 1477 chips qualified in both the gain 
& pedestal windows. A total of 67 chips were outside the gain window and 608 chips 
were outside the pedestal window. In the second week of August, 2005, 1000 tested 
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devices were delivered to SINP from UTAC. 
The gain and pedestal distributions of 1477 MANAS chips passed by ATB is 
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Fig. 4.24. Gain distribution (left) and pedestal distribution (right) of 1477 chips from the 
datalog file of UTAC. 
Prom these figures the following conclusions may be drawn: 
• both pedestal and gain windows are respected by UTAC tests; 
• pedestal distribution peaks slightly to the right, i.e., instead of having a mean 
of 140 mV, the distribution has a mean of 148 mV; 
• mean gain is 3.9 mV/fC, shifted slightly down (before 4.05 mV/fC at room 
temp). This effect was also observed on SINP test bench with chips dehvered 
in May, 2005; 
• gain dispersion at 200 fC is 3.6 %, which is unexpectedly high for a single batch 
although the window used is quite broad. It was known from our previous 
experience that the gain dispersion slightly deteriorates at high temp., but this 
should not have induced such a large gain dispersion. 
Chapter 4 122 
In order to ascertain that high temperature tests at ATB, UTAC were good, 50 
chips were tested at 50° C. The main concern was to check that none of the chips 
fail at SINP test bench, otherwise we would conclude that the soaking-time (time for 
which the chips are kept at 50° C before testing) at UTAC was not enough. 
Data at SINP was taken under the same conditions as at ATB. The devices were 
kept at 50° C for almost 4 hours before starting the measurements at 50° C. The 
measurements at SINP were done through signal input with sixteen 2.2 pF capacitors 
and with 100 mV input signal. So, the SINP data was collected for 220 fC input. 
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Fig. 4.25. The gain distribution without capgicitor calibration (left) and the pedestal 
distribution (right) of 50 chips measured at 50° C on the SINP test bench. 
The most important conclusion which can be drawn from Fig. 4.25 is that none of 
these chips had even one channel with abnormally low gain. Thus, the high tempera-
ture tests at UTAC were acceptable. The mean gain was found to match reasonably 
well with those of the ATB. However, the gain dispersion without capacitor caUbra-
tion was found to be 3.1 %, Fig. 4.25 (left), which was already less than what was 
found at ATB. In the pedestal distribution we observed only 2 channels marginally 
outside the pedestal window. However, it should be noted that the noise level at 
SINP test bench was around 3 mV. The mean pedestal observed at SINP matched 
quite well with those measured at ATB, UTAC. 
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We measured the channel-wise average gain of these 50 chips at 50° C and ob-
served large fluctuations because of the capacitance values for which the data was 
not corrected. Similar measurement was done at the room temperature (~ 27'' C) 
as the capacitance values were not expected to change for a temp rise of 23 degrees. 
The relative capacitance values were measured by inserting all 16 of them in a given 
signal input for 220 fC and by taking the ratio of the measured outputs. The mea-
surement was repeated for every capacitor by removing and placing it in the slot at 
least for 5 times. This was cross-checked by plotting the channel-wise mean gain at 
room temperature. This led to beUeve that the capacitor calibration remained the 
same for both the room and high temperatures. The channel-wise average gain for 
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Fig. 4.26. Channel-wise average gain for 16 channels for 50 chips at 50° C (left) and 27° 
C (right). 
Channel-wise mean gain at 50° C after the capacitor calibration is shown in Fig. 
4.27 (left). We notice a marked improvement and the values could be corrected within 
1.2 %. This order of correction is quite appropriate as the expected gain dispersion 
is around 2.5 %. 
In order to test our capacitor calibration, data were taken for 20 chips at room 
temperature with calibration input. This means that this data utilized the internal 
capacitors of MANAS chips. However, it should be noted that data for the first three 
Chapter 4 124 
channels with our test board could not be utilized on using the CALIB-IN due to 
stray capacitors. But the channel-wise average gains for the remaining 13 channels 
were investigated. Fig. 4.27 (right) shows this plot and we find that our capacitor 
calibration is not upto the level of the accuracy of the internal capacitors. Thus, it 
is expected that the observed gain distribution would be better with CAL-IN. This 
observation leads to believe that the capacitor calibration of the external capacitors 
do not induce any over compensation leading to a fictitious narrow gain spread. 
The gain distribution of 50 chips at 50° C after the capacitor cahbration is shown 
in Fig. 4.28. It is observed that the gain dispersion improves to 2.6 % at 50° C. 
9 10 11 13 13 14 15 10 
Fig. 4.27. Channel-wise average gain after the capacitor calibration at 50° C (left). The 
channel-wise average gain with CAL-IN at 27° C (right). 
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Fig. 4.28. Gain distribution of 50 chips at 50° C after the capacitor calibration. 
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It was decided to test 500 chips at room temperature after the observation that 
these chips worked very well at 50° C. In May, 2005 batch of the chips, it was found 
that 50 % of the chips were outside the gain window even at room temperature, 
which was attributed to leakage at ESD protection circuit. These 500 chips were 
chosen randomly but due to handling problem 3 chips got damaged because some 
pins bent. All these chips were marked and the datalog file (collected at SINP) were 
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Fig. 4.29. Gain distribution (left) and pedestal distribution (right) of 497 MANAS chips 
at room temperature tested at SINP. 
A few pedestal channels were found to be outside the window of 60 to 220 mV. 
The gain of all the 497 chips were found to be within a narrow range of 3.65 to 4.35 
and RMS/MEAN = 2.4 %. These chips were chosen with a large gain window of 3.4 
to 4.6! Thus, this generally showed that MANAS gain spread had really gone down 
to 2.5 %. 
Hence, result of the testing of the pre-production batch devices can be stated as: 
• test at 50*^  C was done properly at UTAC and this allowed to identify the bad 
chips from the lot and accept only the good ones; 
scheme of testing the devices at 50° C at SINP worked very well; 
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• measurement of 497 devices (from the validated lot from ATB) at SINP test 
bench through signal input showed good pedestal and gain windows for all the 
devices; 
• analysis of the datalog file for this lot showed that 1.7 % devices have abnormally 
low gain at 50" C. These were the bad chips in this lot; 
• we rejected this lot as 1.7 % of the devices exhibited the effect of leakage current 
at 50° C. 
4.2.3 Testing of production batch 
The devices of U5284384.1 batch (43^ "^  week batch of 2004 of the SCL) were tested 
at UTAC and it was found that none of the devices showed low gain at 50° C. This 
indicates that leakage current effect is absent in this batch of chips. Fig. 4.30 shows 
gain and pedestal distributions of 589 MANAS devices passed by ATB, UTAC within 
the usual pedestal window of 60 to 200 mV and a gain window of 3.4 to 4.6 mV/fC. 
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Fig. 4.30. Pedestal distribution (left) and gain distribution (right) of 589 MANAS devices 
at 50° C from datalog file of UTAC. 
Following conclusions can be drawn from the figure ; 
• pedestal and gain windows had been respected by UTAC; 
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• peak of the pedestal distribution was slightly to the left side of the mean value 
(140 mV) and has a mean value of 135 mV; 
• mean gain is 3.67 mV/fC, which is consistent with the designed value of 3.5 
mV/fC; 
• gain dispersion at 200 fC is quite large, around 3.3 %. 
Following tests were performed on the SINP test bench on the devices of U5284384.1 
batch: 
• pedestal and gain distributions of 50 randomly selected chips at 50° C under 
the same conditions as the Automatic Test Bench; 
• all the 775 chips, received from this batch, were tested at room temperature 
with IbiasRDS = 39 //A and VROFF = 0.66 V; 
• linearity plot for the same 50 chips at room temperature with IbiasRDS = 39 /iA 
and VROFF = 0.66 V. The data were taken at 100, 200 and 300 fC because 
most of the pad charges were found below 300 fC in the test-beam results. The 
gain distribution was also extracted at 300 fC. 
We tested 50 chips at 50° C in order to ascertain whether the high temperature 
tests at ATB, UTAC was right. Data was taken under the same conditions as at ATE 
except that VautOFF was kept equal to 85 mV instead of 100 mV. This discrepancy 
was realized after the data was taken and was confirmed by measuring VcmtOFF on 
the test board. All the measurements were not repeated as this error led to only a DC 
shift for all the values and did not affect other measurements. However, we had used 
the input voltage of 90.9 mV, so the input charge was 200 fC with 2.2 pF capacitor. 
Fig. 4.31 shows the pedestal and gain distributions of the 50 devices tested at 
50° C at SINP. The pedestal window was 45 to 205 mV with N^tOFF = 85 mV. We 
had observed only 3 channels out of 800 marginally outside (by 3 mV) the pedestal 
window. There was no gain failure at 50° C and the mean gain was comparable with 
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Fig. 4.31. Pedestal distribution (left) and gain distribution without capacitor calibration 
(right) of 50 MANAS chips at 50° C tested at SINP. 
Gain distribution of 50 chips at 50'' C after capacitor calibration is displayed in 
Fig. 4.32. It is found that gain dispersion improved to 2.2 % at 50° C Thus, this 
batch showed significant improvement in gain dispersion as compared to that observed 
in the previous batch, where it was 2.6 % (Fig. 4.28). 
2 0 0 ^ 
1 6 0 ^ 
1 2 0 ^ 








( j t _ i 1—1 1 I 1 I 1 1 I I I i_j L J I I I I I • I u 
Fig. 4.32. Gain distribution of 50 MANAS devices at 50° C after capacitor calibration. 
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The good gain and pedestal values obtained for the 50 chips at high temperature 
led to the testing of all the 775 devices from this batch at room temperature. 
Fig 4.33 (left) shows the gain distribution without capacitor calibration at room 
temperature. A gain dispersion of 2.7 % is observed. 
Fig 4.33 (right) shows the true gain distribution of this batch of MANAS, i.e., 
with capacitor caUbration. This lot gave RMS/Mean = 1.9 %. This is an extremely 
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Fig. 4.33. Gain distribution without capacitor calibration (left), gain distribution after 
capacitor calibration (right) of 775 MANAS devices at room temperature tested at SINP. 
Before declaring this batch to be valid, a representative study of linearity of these 
devices was carried out. The gain data was taken at 100, 200 and 300 fC for 50 
devices and the calibration data was fitted with a second order polynomial. It is to 
be noted that a quadratic term is the measure of the nonlinearity. 
The gain hnearity of all the 16 channels of a single chip is exhibited in Fig. 
4.34. The quadratic term is found to be very small (^10""*), thus indicating that 
nonhnearity upto 300 fC is negligible. 
Fig. 4.35 (left) shows the delay plot for all 16 channels of a MANAS from two 
different lots, namely, S0440 and S0443. It is concluded that the gains in all the 
channels remain linear for a delay between I/P and T/H ranging between 1.2 and 1.3 
//sec. 
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Fig 4.35 (right) shows the gain dispersion at 300 fC. The conclusion made from 
this figure is that the 50 chips from this batch showed a gain spread of 2.7 % at 300 

















Fig. 4.34. Left: Gain linearity upto 300 fC for 16 channels of a MANAS chip. Right: 
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Fig. 4.35. Left: Delay plot for all 16 charmels of a single MANAS device firom two different 
lots. Right: Gain distribution of 50 devices at 300 fC at room temperature. 
Some of these devices were tested on MANU cards. A gain spread around 2.25 % 
was found. 
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The various tests of the devices from U5284384.1 batch led to the following con-
clusions: 
• gain spread at the room temp, is 1.9 % for the 775 chips, whereas at 50° C the 
gain spread is 2.2 %; 
• none of the devices were found to be outside the narrow gain window both at 
room temperature and at 50*^  C. This indicates that the leakage current problem 
is absent in this batch of chips; 
• linearity upto 300 fC is within a reasonable limit and the gain spread at 300 fC 
is 2.7 %. 
4.2.4 Testing of the first production batch 
The devices from first production batch were tested at ATB, UTAC at 50° C in the 
following three gain windows: 
3.35 - 3.95 with mean gain around 3.65 mV/fC 
3.25 - 3.85 with mean gain around 3.55 mV/fC 
3.15 - 3.75 with mean gain around 3.45 mV/fC 
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Fig. 4.36. Left: Gain distribution of devices in gain window 3.35 - 3.95 mV/fC. Right: 
Gain distribution of devices in gain window 3.25 - 3.85 mV/fC. 
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These devices are also having different mean values of gain for different production 
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Fig. 4.38. Gain distribution of the devices, analysed from UTAC datalog file, showing 
different mean values for different lots. 
With such a consideration, all the devices of the first production batch were tested 
at SINP in January, 2006. They were tested in three different gain windows and 
ensured a gain spread (RMS/Mean) of the order of or less than 2.5 %. The chosen 
gain windows over a gain range from 3.3 to 3.9 mV/fC are: 
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3.5 - 3.9 with mean gain around 3.7 mV/fC 
3.4 - 3.8 with mean gain around 3.6 mV/fC 
3.3 - 3.7 with mean gain around 3.5 mV/fC 
Testing of the chips from various lots of the first production batch led to conclude 
that the devices were in the acceptable windows of gain and pedestal and provided a 
gain spread of 2.5 %. Hence, the devices from this batch were delivered to the ALICE 
Collaboration; dehvery status is discussed in Section 4.2.4. 
4.3 MANAS delivery 
A total of 88,000 and 20,000 MANAS devices were respectively delivered to ALICE-
MUON and ALICE-PMD Collaborations. The only devices with gain spread, RMS/Mean 
< 2.5 %, were dehvered to ALICE-MUON Collaboration. The ALICE-PMD Collab-
oration was not constrained to such gain spread. The devices mainly with lower mean 
gain values were delivered to the ALICE-PMD Collaboration. 
The delivery of all the devices in a single gain window with a fixed gain spread 
was not practically possible. So, it was decided to deliver the devices in various gain 
windows. As mentioned in Section 4.2.4, three gain windows with mean gain values: 
~ 3.7, 3.6 and 3.5 mV/fC were chosen to test and deliver the devices but during test-
ing a large number of devices with mean gain values around 3.3 and 3.85 mV/fC were 
found. It was, therefore, decided to test and deliver those devices in the following 
five gain windows: 
Bin 0: 3.60 to 4.10 with mean gain ~ 3.85 mV/fC 
Bin 1: 3.45 to 3.95 with mean gain ~ 3.70 mV/fC 
Bin 2: 3.35 to 3.85 with mean gain ~ 3.60 mV/fC 
Bin 3: 3.25 to 3.75 with mean gain - 3.50 mV/fC 
Bin 4: 3.05 to 3.55 with mean gain ~ 3.30 mV/fC 
Dehvery of MANAS devices started in August, 2005 and got over by January, 
2007. The total number of devices dehvered in each Bin is mentioned in Table 4.6. A 
complete delivery status of MANAS devices is displayed [6] in Fig. 4.39. The delivery 
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M A N A S D e l i v e r y S t a t u s 
(Delivered to MUON Collaboration) 
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Fig. 4.39. Delivery status of MANAS devices. 
Chapter 4 135 
of MANAS chips to ALICE-PMD Collaboration is also given in the same figure. 
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Fig. 4.41. Gain distribution of 4000 MANAS devices delivered in Bin 1. 
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Fig. 4.42. Gain distribution of 4000 MANAS devices delivered in Bin 2. 
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Fig. 4.43. Gain distribution of 4000 MANAS devices delivered in Bin 3. 
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Fig. 4.44. Gain distribution of 4000 MANAS devices delivered in Bin 4. 
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Chapter 5 
Station 2: Installation and Commissioning 
All tracking stations of Forward Dimuon Spectrometer of ALICE consist of two planes 
of tracking chambers. These chambers are Cathode Pad Chambers (CPC) and are 
used as a position sensitive detectors for muon tracking. Station 2 is situated at 6860 
mm along the z direction from IP and has a circular design. 
Following are the salient features of these large area CPCs: 
• two cathode planes are used in order to obtain position resolution both in the 
bending and non-bending directions; 
• sandwiched cathode planes using 25 mm Rohacell for providing the required 
rigidity to the 0.4 mm thick PCB boards; 
• specific cathode segmentation is done in order to keep the occupation around 5 
%; 
• anode PCBs are embedded in the non-bending frame to ensure anode to cathode 
distance of 2.5 mm; 
• central point fixation is done in order to maintain desired anode-cathode dis-
tance within the acceptable Umit under an over pressure of 0.5 mbar. The over 
pressure is needed to run these chambers in gas flow mode; 
• flexible Kapton Printed Circuit Boards to connect cathode pads to the readout 
boards (MANU); 
• all frames are made up of PEEK-GF30 (polyetheretherketone with glass fibre) 
to minimize radiation length. 
Engineering simulation led to a choice of sandwich panel design for the tracking 
chambers with a separate electronics readout PCB [1]. Stations 1 and 2 have similar 
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mechanical design and the fabrication procedures were also similar. The details re-
garding Station 2 are described below. 
Each chamber has a diameter of 2344 mm with an inner mechanical radius of 232 
mm and an outer mechanical radius of 1172 mm. Each plane of the tracking chambers 
(TC3 and TC4) of Station 2 is made up of four quadrants of CPCs. The quadrants 
are identical and fully interchangeable. 
5.1 Design Criteria 
Chambers are made transparent to the minimum ionizing particles (MIP) to reduce 
multiple scattering and energy loss in materials used for fabrication of CPCs. Thus, 
the frame is non-metallic and the cathode PCBs are very thin, 0.4 mm. Along with 
these constraints, large gas detectors were constructed with cathode surface planarity 
of better than 20 //m and uniformity of inter-electrode separation within 50 fj,m. 
Thus, fabrication of these chambers was a challenging task. A mechanical calculation 
(ACORD software) was carried out at the Institute de Physique Nucleaire, Orsay 
for the first and second tracking stations to simulate the effect of different design 
parameters of the chambers and to seek optimum solutions towards choice of the 
parameters. 
A detailed account of the simulation results was reported in ref. [2]. On the basis 
of simulation results, it was decided to build a quadrant with sandwiched cathode 
panels made up of 25 mm thick Rohacell with a density of 51 Kg/m^ glued between 
two 0.4 mm FR4 boards. The panels have to be rigidly fixed to the frame and a central 
point fixation will be put near the centre of the quadrant where the pad density is 
low. 
5.2 Radiation Length 
Other important consideration for the design of the chambers is the radiation length. 
The effective radiation length for one quadrant, including the electronics, has been 
estimated by averaging different materials over the complete surface. Its value over 
the active region of the detector (95 % of the area) is ~ 14 % X/XQ, while in the 
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region of overlap, 5 % of the area, (Fig. 3.8) the value is 5.3 %. However, to anchor 
the sandwich to the frame an additional 10 mm wide rib of PEEK GF - 30 was glued 
to the frame. Thus, over this width of 10 mm the radiation length in the overlap 
region becomes 12.5 % X/XQ. 
5.3 Mechanical Design 
Final mechanical designs were made in accordance with the final choice discussed in 
the preceding sections. 
5.3.1 Frames 
Frames were made out of PEEK GF-30 in six pieces in order to reduce the cost and 
were joined on a master tooling plate. The schematic of the six pieces of the frame is 
shown in Fig. 5.1. 
Fig. 5.1. Six segments of the frame, machined separately. 
These pieces were joined by lap - joints to make one continuous frame. It is to be 
noted that all the joints are on the straight sections of the frame. Fig. 5.2 shows the 
front and side views of a lap - joint. 












Fig. 5.2. Front (a) and side (b) views of the lap - joint on the bending plane. 
5.3.2 Face A Frame 
Size and shape of face A frame, which holds the non-bending cathode, is identical to 
the bending plane, i.e., face B, and is displayed in Fig. 5.3. However, cross - section 
is different as this frame houses the anode PCBs. The anode PCBs, 0.8 mm thick, 
are glued to the grooves of 1 mm. The grooves are then hand polished to achieve a 
fiat and continuous surface for the non-bending frame so that the quadrant can be 
made leak tight with O ring on face B frame. 
Fig. 5.3. Design of face A frame. 
5.3.3 Face B Frame 
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The assembled face B frame is displayed in Fig. 5.4. The frame width in the active 
region of the quadrant is 25 mm. The outer dimensions of the frame was chosen in 
accordance with the installation guidehnes. 
This frame has a O - ring groove of depth 1.8 mm and width of 2.2 mm. A 2 
mm circular Viton O - ring is mounted for sealing the gas. The positions of the gas 
feed-throughs are also exhibited in Fig. 5.4. The sections for gas inlet and outlet are 
also shown. The feed-throughs are connected to gas-inlet channels of length 40 mm, 
in order to avoid laminar flow. 
lei r4» 
Fig. 5-4. Design of face B, holding the bending cathode frame. 
5.3.4 The Rohacell 
Design of Rohacell for face B is shown in Fig. 5.5. The holes are made to accommo-
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date the flexible PCBs. The position of these holes are in accordance with the design 
of the circuit side of the cathode PCB. Thus, design of the Rohacell for faces A and 
B are different. 
i lOOWOOODO 0 D 0 0 0 0 0 
^ 1 } 
O O O D O O Q O D Q Q 
0 0 0 0 0 0 0 0 0 D ^ 
OD O O Q O D 0 
00000000 0 0 0 
OOQOOOOOOOOOQ 0 Q D Q 0 0 0 
DOOQODQQO 0 0 0 D 0 0 
D O O O 
uDlioUOflTCTr U T t n o f f 
DDDDODOODQO D D D D 0 0 0 D 
QDDDDDDDDDD 0 0 0 0 D 0 0 D 




Fig. 5.5. Design of Rohacell foam for face B. The sectional view along the marked line 
is shown at the bottom of the figure. The sectional drawing near the edge of the frame is 
shown in the box at the topright corner. 
5.3.5 The rib 
The rib was made in eight pieces of PEEK GF - 30. It has a width of 10 mm and 
height of 18.6 mm and is glued to the frame with epoxy resin (Araldite). This rib is 
necessary for: 
Anchoring the sandwich firmly to the frame; 
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• To provide transverse tensile strength. 
The boundary of the Rohacell is glued to the rib of the frame. The mechanical 
exit board is then glued over the Rohacell and is extended upto the rib. Thus, the 
rib anchors sandwich firmly to the frame. 
5.3.6 The Central Point Fixation 
Fixation point is at a radius of 751 mm, which is away from the region of high pad 
density. The design of the fixation piece is shown in Fig. 5.6. 
(J) Spacer 
(D Cathode PCB 
® » j » Support 
(3) Gasket (Viton) 
(5) " holder 
® Washer 
(3) Nut 
d ) Glue 
(D^4 
Fig. 5.6. Design of the central point fixation. 
5.4 Electronics Design 
5.4.1 Cathode Segmentation 
Cathode planes are divided into three zones of different pad sizes, exhibited in Fig. 
5.7, the details of which are given in Table 5.1. 
The numbers of pads in the bending plane are: 
Zone 1 (smallest pads): 85 MANU boards = 5440 pads 
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Zone 2 (medium pads): 93 MANU boards = 5952 pads 
Zone 3 (largest pads): 43 MANU boards = 2752 pads 
Total nmnber of channels in the bending plane = 14144 pads 
The numbers of pads in the non-bending pleme are: 
Zone 1 (smallest pads): 85 MANU boards = 5440 pads 
Zone 2 (medium pads): 94 MANU boards = 6016 pads 
Zone 3 (largest pads): 43 MANU boards = 2752 pads 
Total number of channels in the non-bending plane = 14208 pads 
Therefore, the number of channels/quadrant = 28352. 
Number of channels in Station 2 = 226816 
Fig. 5.7. Division of cathode planes into three zones on bending side. 
5.4.2 The solder side 
On each PCB, the pads are connected by plated through holes (PTH) to the circuit 
side. A typical design of the circuit side is exhibited in Fig. 5.8. On the circuit side, 
Chapter 5 147 
Table 5.1 Pad sizes in the bending and non-bending planes 
Radius in cm 
23.5 - 53.5 
53.5 - 95.5 
95.5 - 115.5 
23.5 - 53.5 
53.5 - 95.5 


























64 pads are grouped together so that a flexible kapton PCB can be soldered which 
connects these pads to the MANU cards. All the soldering points are Gold coated 
and the board is solder - masked with tropicalised burnish. It is to be noted that 
there are three grounding points per group which are connected to the electronics 
readout ground through the kapton cable and MANU card. This multiple connection 
between electronics ground and cathode PCB ground is the key factor to keep the 
electronics noise low. 
Fig. 5.8. A typical design of the solder side. 
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5.4.3 The Anode Plane 
Anode wire plane consists of a total number of 474 anode wires of which two wires 
near each side of the anode plane edges are 100 //m thick. All others are 20 jum Gold 
plated Tungsten wires. These anode wires are first soldered on the anode PCBs and 
then glued on the frame. The longest wires are 120 cm long. 
5.4.4 The flexible PCBs 
Connections between the pad of the cathode planes and front-end-electronics (FEE) 
are made by double-sided flexible Kapton PCBs. The design of the flexible PCBs is 
shown in Fig. 5.9. Each PCB contains 67 connections of which three are grounded. 
The pads on the PCB are connected to a 80 - pin connector. 
Fig. 5.9. Layout of Kapton PCB. 
5.4.5 The anode PCBs 
Anode PCBs are embedded in the non-bending (Face A) side of the frames. These 
are to connect the anode wires to HV supply. The anode wires are bunched in groups 
of four wires and are connected through a resistor, typically of 2 Mfi, and filtered 
with a 2.2 nF capacitor. Each wire was soldered with a tension of 65 gm on the pads 
(2.5 mm apart on the horizontal direction) of anode PCB. Fig. 5.10 shows eighth 
anode PCB. It is a three layered board, where HV line is placed in the middle layer, 
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the solder pads are on the top layer while the bottom layer is the ground plane. The 
total thickness is 0.8 mm. There are eight anode PCBs of various shapes for each 
quadrant. 
Fig. 5.10. Layout of one of the anode PCBs. 
5.5 Chamber Production 
5.5.1 Mechanical Fabrication 
The first quadrant of Station 2 of ALICE Dimuon Spectrometer was constructed 
during January - April, 2005 as per the discussed design. A scheme of assembly of 
the components of the quadrants is displayed in Fig. 5.11. 
Fig. 5.11. The scheme of sandwich of quadrants. 
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After assembly, the quadrants were filled with the standard gas mixture, Ar/C02 , 
80%/20% by volume, and tested for gas leakage, high voltage Umits and dark current 
and gain uniformity over the active surface [3]. Gas leakage was determined by 
counting the bubbles in the exit-bubbler for a given gas flow rate. Fig. 5.12 exhibits 
the number of bubbles counted per minute with respect to the given gas flow rate. 
The leak rate was determined by the extrapolation of this plot along the x-axis. 
Therefore, it can be deduced from the figure that the quadrant has a leak rate ~ 50 
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Fig. 5.12. Plot of number of bubbles per minute versus gas flow rate, giving the leak rate 
in the quadrant. 
High voltage on the quadrant was raised to 1700 V and was left to stabilize for 
more than 24 hrs. After stabilization, the dark current in the quadrant was observed 
to be ~ 6 - 8 nA. However, the dark cmrrent observed was 20 - 24 nA when the High 
Voltage was raised to 1750 V; these values are given in Table 5.2. These dark currents 
were found to be steady and within the acceptable limits. 
The gain uniformity was measured through X-ray Fluorescence Technique by using 
•^^ ^Am; a collimated ^^^Am source was placed at 34 different positions on the quadrant. 
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A histogram of the ADC channels of the photo-peak is shown in Fig. 5.13. A 
RMS/Mean of about 10 %, which was within the acceptable limits, was observed. 
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Fig. 5.13. The positions of the photo-peak. 
It was decided to produce two spare quadrants. In 2005 - 2006, 10 quadrants were 
fabricated following the same procedures of fabrication, quality controls and tests and 
shipped to CERN in October, 2006. 
It is to be noted that the anode wires in these quadrants are not supported al-
though the longest wire length is 120 cm. 
These quadrants, when retested for HV stability at CERN during November -
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December, 2006, showed HV breakdown. However, by replacing the long wires it was 
possible to rectify the problem. Based on these observations, it may be concluded 
that: 
• it is possible to sustain 1700 V with wire length greater than 90 cm over a short 
period of time, ~ one week; 
• it is essential to support the long wires for a long time stability; 
• the behaviour can probably be attributed to Gripping of these 20 yum Gold plated 
Tungsten wires under a tension of 65 gm when the unsupported length exceeds 
90 cm. 
Thus, it was decided to introduce a strip support of GlO material of dimensions 
950 mm x 2 mm x 2.4 mm. The support was glued on the non-bending cathode plane 
at 5 anchoring points and the anode wires were glued on that support strip. The 
strip was positioned such that all the wires with lengths greater than 90 cm were 
supported. 
Following are the observations from the High Voltage tests of a quadrant with 
strip support: 
• the quadrant showed a stable operation with support at 76 cm from the bottom 
edge of the detector; 
• the gain in the quadrant near the support was measured by placing a ^°Sr source 
along the wire lengths and monitoring the anode current. The result is shown 
in Fig. 5.14 and it was found that over a region of ± 1 cm around the strip 
support, the gain of the quadrant drops substantially. This is because the space 
charge gets constrained by the strip support. 
This modification was carried out on all the quadrants with strip supports of 
dimensions 950 mm x 2 mm x 2.4 mm and 990 mm x 2 mm x 2.4 mm at 76 cm on 
five quadrants and at 72 cm on remaining five quadrants respectively. This placement 
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is exhibited in Fig. 5.15. This has been done in order to ensure that there is no dead 
zone in Station 2 when both the detection plajies are considered. 
With this modification, all the quadrants have exhibited a stable performance over 
a period of one month. 
Distance along the Wire (in cm) 
Fig. 5.14. Gain measurement along the wire lengths. 
Fig. 5.15. Strip supports placed at 72 cm on five quadrants and at 76 cm on the remaining 
five quadrants. 
5.5.2 Bus Board Mounting and Validation 
Each CPC quadrants of Station 2 has two electronics readout planes, that is, bending 
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and non-bending. The electronics exit boards for bending and non-bending planes 
were designed at SINP, Kolkata and produced at Hyderabad Flextech Limited, Hy-
derabad, India. Each plane was validated after 2 or 3 iterations, passing through the 
stringent quaUty control tests. Each bending plane is made of nine separate PCB 
boards, whereas the non-bending plane has seven pieces. Each of the bending and 
non-bending readout plane has a total of 12 bus Unes, Each bus Une supports varying 
number of MANU cards, maximum number being 25, and the bus line is divided into 
two parts: Loading bus and Readout bus. The loading bus is driven by a Translator 
card which generates all the control signals for MANU and the readout bus is driven 
by MANU and finally the signals from the readout pads are received by the Trans-
lator card. These two Unes are connected through a Bridge Board. A MANU card 
requires three different low voltages ± 2.5 V for analog part (MANAS) and -H 3.3 V 
for the digital part (MARC). Currents in a MANU are ~ 70, ~ 90 and ~ 40 mA 
for + 2.5, - 2.5 and + 3.3 V respectively. The total current for one bus hue taking 
Bridge, Translator and the resistances at the End Of Line (EOL) is ~ 600 mA. 
In in-house test set up, PCI-based FPGA card receives triggers from a pulser (100 
Hz, 10 MS). This FPGA card was developed by INFN, Cagliari and can accommodate 
a maximum of 500 triggers/sec for the long bus lines. When triggered with an exter-
nal pulser, the card sends token pulse (TKOUTO and TKOUTl) to the Translator 
card. The Translator card generates the control signals (DATA, CLK, RESET, etc.) 
after receiving the Token signals. Each MANU card passes this Token to the next 
card in the chain. TKBACKO returns to the Translator from the last MANU before 
the Bridge and TKBACKl returns to the Translator from the MANU, which is at the 
EOL of the bus. If the Token passes through each MANU, the configuration address 
of MANU is registered. If registration fails, the problem comes from the hardware 
part, i.e., from discontinuity of the track, bad PTHs on the PCB, bad soldering of 
the pins of the bases of the MANU cards and not adequate cleaning after soldering. 
All these sources of fabrication errors encountered in the production batches were 
rectified at SINP and CERN during August, 2006 and February, 2007 and mounted 
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on the chambers. 
However, this in-house FPGA based test-bench has a major hmitation: only two 
bus lines can be tested at the same time. Full plane electronics readout boards with 
12 buses were tested using Cluster Read Out Concentrator Unit Scheme (CROCUS) 
set up (see Fig. 5.16) during April - May, 2007 at CERN. 
Chamber wtth full 
plane electronic^ 
Fig. 5.16. CROCUS set up for validation of fall plane electronics read out. 
In CROCUS, the bus patches from each Translator card goes to front end FRTs. 
Each FRT can handle 10 Translator cards and thus to accommodate 12 bus lines, 
two FRTs were used. The fibre optic cable (DDL) from Concentrator card (CRT) 
carries the signal to DAQ. The DAQ and monitoring softwares used were DATE and 
MOOD, respectively. 
Hence, calibration data upto 4000 input channels (~ 2.5 V or ~ 500 fC) for a 
single bus patch was taken. The five point calibration data taken for individual bus 
patches showed a linearity as seen in Fig. 5.17. 
The bias voltage over the whole bus patch was measured and a uniformity was 
observed for both bending and non-bending plane sides. 
Measured values of bias voltages for both bending and non-bending planes are 
given in Tables 5.3 and 5,4. 
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••-Bus Patch 3 
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Fig. 5.17. Linearity observed in individual bus patches for five point calibration data. 
Table 5.3 Measured values of bias voltages over the whole bus patch on the bending side. 
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Table 5.4 Measured values of bias voltages over the whole bus patch on the non-bending 
side. 
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Data from each detection plane was taken by injecting 0, 100, 200, 300 and 400 
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fC charges at the input of all the electronics channels (~ 14000) of MANAS chips. 
Figs. 5.18 and 5.19 show the MOOD monitoring output of pedestal and noise 
distributions of the bending and non-bending planes. 
T) 20 
Fig. 5.18. MOOD monitoring output of pedestal and noise distributions for bending 
plane. 
Fig. 5.19. MOOD monitoring output of pedestal and noise distributions for non-bending 
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plane. 
Analysis of a typical data set of a bending readout plane is displayed in Fig. 5.20. 
Pedestal distribution was within 200 mV and the observed noise was around lOOOe". 
The gain dispersion observed is ~ 3.3% and the non-hnear coefficient is found to be 
negligible. 
Fig. 5.21 shows the analysis of a typical data set of the non-bending readout 
planes and the results are similar to those for the bending plane. 
These results show an excellent performance of MANAS after the integration in 
the whole readout chain of FMS. 
After the successful validation of electronics readout planes, all the chambers 
of Station 2 with necessary services like: LV busbar, LV connection for C3 cable, 
decoupling capacitors between the LV line and Ground and the LV cabling were 
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Fig. 5,20. Observed distributions: (a) pedestal, (b) noise, (c) linear coefficient of the gain 
and (d) nonlinear coefficient of the gain for the bending plane. 
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Fig. 5.21. Observed distributions: (a) pedestal, (b) noise, (c) linear coefficient of the gain 
and (d) nonlinear coefficient of the gain for the non-bending plane. 
Fig. 5.22. All the 8 chambers of Station 2 ready for installation after necessary services 
at CERN. 
5.6 Chamber Installation 
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A wooden mock - up chamber with all the services and electronics exit boards was 
installed first for the inspection of all the installation procedure. This exercise helped 
plan installation of the real chambers. 
The chambers were successfully installed at the experimental site, Point 2 of LHC, 
during May - Jvme, 2007. A picture of Station 2 of tracking system with all readout 
electronics at Point 2 is shown in Fig. 5.23. 
Fig. 5.23. Layout of Station 2 of tracking system. Readout electronics is distributed on 
the surface of a quadrant structure. 
5.7 Cosmic Ray Run 
Electronics readout planes of the chambers of Station 2 were revalidated after their 
successful installation. The final electronics commissioning tests were performed be-
fore the Cosmic Ray Run (CRR) during January - February, 2008. All the channels 
of Station 2 were tested and found to function well. The average noise was ~ 0.7 mV 
(1 ADC channel = 0.6 mV = 1050e~) and a pedestal spread of ~ 180 mV was found. 
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The MOOD output of the pedestal and noise for TC 3 and TC 4 are exhibited in 
Figs. 5.24 and 5.25. 
Chamber 3 Bending 
Pedestal Distribution 600 
Chamber 3 Non Bending 
Pedestal Distribution 
Chamber 3 Bending 
Noise Distribution 
Chamber 3 Non Bending 
Noise Distribution 
Fig. 5.24. MOOD monitoring output of pedestal and noise distributions for TC 3. 
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Chamber 4 Bending 
Pedestal Distribution 
Chamber 4 Bending 
Noise Distribution 




Chamber 4 NonBending 
Noise Distribution 
DJ 
Fig. 5.25. MOOD monitoring output of pedestal and noise distributions for TC 4. 
Analysis of the data set is presented in Fig. 5.26. The observed mean pedestal 
was 209 ADC ~ 125 mV and an average noise of 1.148 ADC ~ 0.7 mV was found. 
The first Cosmic Ray track observed in CRR during January - February, 2008 
was with the ACORDE trigger, which showed that there are chances to measure the 
vertical tracks also [4]. The observed tracks are shown in Fig. 5.27. During the same 
CRR we observed tracks with tracker and trigger (MRK + MTRG) together, which 
is shown in Fig. 5.28. 
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Fig. 5.27. The Cosmic Ray track observed with ACORDE trigger. 
Fig. 5.28. The Cosmic Ray track observed with Muon Tracking and Trigger Chambers. 
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Chapter 6 
FMS Performance: A Simulation Study 
6.1 AliRoot Framework 
AliRoot is an offline framework based on ROOT^ for ALICE to reconstruct and 
analyse physics data coming from simulated and real interactions [1]. 
AliRoot does event generation, detector geometry, detector response and finally 
data analysis. Its modularity allows replacement of parts with minimal or no impact 
on the rest. Its layout is shown in Fig. 6.1. 
l^i*P_BP 
ROOT 
Fig . 6 . 1 . Architectural layout of AliRoot framework. 
Central module of the framework is STEER which provides: 
• steering of program execution for simulation, reconstruction and analysis; 
^An Object Oriented framework for large-scale data handling applications, provides an envi-
ronment for the development of software packages for event generation, detector simulation, event 
reconstruction, data acquisition eind a complete data analysis framework. 
Chapter 6 167 
• general run management, creation and destruction of data structures, initial-
ization and termination of program phases; 
• base classes for simulation, event generation, reconstruction and detector ele-
ment. 
Sub-detectors are independent and contain specific code for simulation and recon-
struction. The detector specific classes are derived from the base classes of STEER. 
Example: AliMUONDigitizer class of MUON is derived from AliDigitizer class of 
STEER. 
Detector response simulation can be performed via Virtual Monte Carlo (VMC)^ 
from Geant3.2 or FLUKA. 
The whole AliRoot chain for Dimuon Spectrometer is described in the following 
sections. 
6.1.1 Simulation Chain 
The full chain of simulation in Aliroot framework for Dimuon Spectrometer is de-
scribed below: 
• data are generated via an event generator. For example, GUN, SCAN, BOX, 
PARAM, PYTHIA or HIJING. 
• contains full information about the generated particles, i.e., PID and momentum 
and stored as a root file in /generated/galice.root (the kinematics of the event 
end up in the TreeK of Kinematics.root). 
• generated particles are transported through ALICE, which generates hits in ac-
tive volume using Virtual Monte Carlo, producing AliMUONHit objects, that 
^A virtual interface to the detector transport code in order to isolate the user code from changes 
of the detector simulation package. 
The codes that interface the FORTRAN programs of GEANT3 to C+-I- are abstract classes 
(VMC) which are real C++ programs. 
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end up in the TreeH of MUON.Hits.root file(s). This part is steered by Al-
iMUON and its child AliMUONvl classes. A typical layout of hits on one of 
the chambers of Station 2 is shown in Fig. 6.2. 
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Fig. 6.2. The hits on Chamber 3 of Station 2. 
• converting MC hits into AliMUONVDigit, called SDigits, that end up in the 
TreeS of the MUON.SDigits.root file(s). A S(umniable)Digit is a pad with 
its associated charge, but no noise or electronics response function is applied. 
Steered by AUMU0NSDigitizerV2 class. 
• converting SDigits into Digits, by applying electronics calibration. Actually, 
the digits are de-calibrated at this stage, by adding a pedestal and dividing 
by a gain. Steered by AUMU0NDigitizerV3 class, digits end up in TreeD of 
MUON.Digits.root file(s). In addition, for the trigger, we create AliMUONLo-
calTrigger, AliMUONRegionalTrigger and AliMUONGlobalTrigger objects at 
this stage, that end up in TreeD as well. 
• conversion of Digits into RAW data, in a format that should be exactly the 
same as real data from the DAQ. Performed by AliMUONRawWriter. The 
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pad co-ordinates get converted by using the Mapping files into a 32-bit integer, 
where: 
[0-11]: pad charge digitized with the ADC (12 bits) 
[12 - 17]: channel identification number in MANU card (6 bits) 
[18 - 28]: MANU identification number (11 bits) 
[29 - 30): must be zero (MBZ) 
[31]: parity bit 
• at this point the simulated data must resemble closely the real data to be 
produced by the detector. 








Fig. 6.3. Data processing framework. 
6.1.2 Analysis Chain 
IVacking parameters in MUON are automatically defined by GEANT. MUON take 
default values of CUTs and physics processes defined by the Config files, except for 
the gas mixture medium of the tracking chambers. The hits are reconstructed from 
the cluster after putting 3(T cut. 
GEANT has two ways for tracking charged particles in magnetic field, namely, 
HELIX and RKUTA.It may be noted that HELIX runs faster and works well if the 
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gradient of magnetic field is small. For MUON, HELIX is not a good approximation 
and RKUTA mnst be used to get the optimal mass resolution of the Spectrometer. 
The choice of HELIX or RKUTA is done in the Config file when magnetic field is 
defined: 
AliMagFMaps* field = new AliMagFMaps("Maps","Maps", TRACKING, FAC-
TOR, MAXB, AliMagFMaps::k5kG); 
gAlice ->SetField(fleld); 
TRACKING must be 1 for RKUTA and 2 for HELIX (the default value for Ali-
Root is 2 (HELIX)). FACTOR allows to set the magnetic field to 0, just putting 
FACTOR=0 but the default value is 1. MAXB is the maximum magnetic field which 
is 10.0 T. Tracks are reconstructed in the dipole magnetic field by continuing the 
track from the last chamber (chamber 10) upto the interaction vertex through the re-
constructed points. During track reconstruction the bending angles, ^s, of the tracks 
are measured, which give the values of transverse momenta for every track stored in 
AUESDs.root. 
6.1.3 Detector Geometry 
The pad positions (iX, iY), MANU ID and Channel ID give the detailed pad geome-
try, which is called Mapping. Every MANU card has a specific Mapping and MANU 
cards with the same Mapping is represented by the same color as shown in Fig. 6.4. 
Geometry is described in the geometry builder classes. The main geometrical con-
stants are set in the class AliMUONConstants. The geometry is built from the code 
during running simulation and it is automatically exported in a geometry, root file via 
the framework. Then AliRoot takes this geometry.root file as a unique geometrical 
information of detector during generation, reconstruction and analysis. 
The ENVELOP method is used in TGeoManager for the detector geometry in the 
MUON package. The advantage with envelop method is that one can define a geom-
etry with all the necessary components in the local coordinates of the ENVELOP. 
One can then rotate-reflect-translate the envelop as a whole in order to get the whole 
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geometry. A single envelop with all the necessary components like nuts, bolts, screws, 
frames, services, etc., is shown in Fig. 6.5. 
Fig . 6.4. Mapping layout for the non-bending plane of Station 2. 
Fig . 6.5. Detector geometry simulated with all the necessary components. 
6.2 Simulation Results 
6.2.1 PT Resolution 
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In order to study pr resolution of the Dimuon Spectrometer, 10000 single Muon 
events were generated by using the BOX event generator. The chosen momentum 
range is from 2 to 20 GeV/c and the full simulation chain is executed. The /gener-
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Fig. 6.6. Generated p r distribution for /i . 
AHESDs.root is analyzed to generate the reconstructed px histogram which is 
depicted in Fig. 6.7. 
Fig. 6.8 shows the plot of the difference between reconstructed and generated p^s'. 
The a of the gaussian of the pr difference plot is the px resolution. The observed pr 
resolution is 48.72 MeV/c. 
6.2.2 Mass Resolution 
Mass resolution of the Dimuon Spectrometer was studied by generating 10000 pure 
signal events for Upsilon resonance using PARAM event generator. The mass plot is 
displayed in Fig. 6.9. The plot is a fit between 9.3 - 9.7 GeV/c^ and the observed 
mass resolution is 90.66 MeV/c^ in the ideal situation. 
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Fig. 6.8. Difference plot of the reconstructed and generated pr distributions. 
A more realistic situation may be simulated by mixing every pure signal event 
with one HIJING event for 0.5 background level, with two HIJING events for 1.0 or 
nominal background level, with three HIJING events for 1.5 background level and 
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Fig. 6.9. The invariant mass spectrum of T resonances from reconstructed ESD tracks 
without background. 
with four HIJING events for 2.0 background level. 
Merging is done at SDigit level and HIJING simulation is done first and stored in 
HIJING-SIM directory. Script for HIJING simulation is presented below: 





The ConfigForHIJING.C file can be built from the ConfigPPR file in AliRoot/macros 
module. 
Muon simulation and reconstruction and merging with simulated HIJING events 
can be done. In the following, single HIJING event is merged 20 times in order to 
simulate 100 muons merged with 5 HIJING events. 
aliroot -b << EOF 
AliSimulation MuonSim("$ALICE_ROOT/MUON/Config.C") 




aliroot -b « EOF 
TPluginManager * pluginmanager = gROOT ->GetPluginManager() 
pluginmanager ->AddHandler("AliReconstructor" ,"MUON", 








In the simulation framework the nominal background is assumed to comprise of 
two HIJING events. Fig. 6.10 shows the variation of mass resolution as a function of 
background level. 
Background level VS Mass Resolution 
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Background level 
Fig. 6.10. Variation of mass resolution with various background levels. 
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Chapter 7 
Summary and Future Perspective 
7.1 Summary 
Phenomenon of the occurrence of phase transition from normal nuclear matter to 
the de-confined state of matter and QGP formation can be investigated by studying 
various signals. Suppression of heavy quarkonia belonging to J ftp and T families is 
envisaged to be one of the most important signatures of QGP formation. 
This can be identified through di-muon decay mode of J/'^, T, T' and T". The 
Forward Dimuon Spectrometer of the ALICE detector is fully devoted to the study 
of these di-muons. FMS consists of five tracking stations of large area CPCs. It is 
worthmentioning that the design, fabrication, installation and commissioning of 2"'' 
Tracking Station were done by the Indian Collaboration (SINP and AMU). 
There are two electronics readout planes, bending and non-bending, in each quad-
rant of Station 2. They were designed at SINP, Kolkata and vahdated and passed 
through strict quality controls. The bias voltage was observed to be fairly uniform 
over the whole bus patch. 
The quadrants were fabricated according to the parameters and quality controls 
required by the ALICE Collaboration. The leak rate and dark currents were found 
to be within the acceptable limits. Chambers were successfully commissioned after 
installation at the experimental site, Point 2 of LHC, before the Cosmic Ray Run 
during January - February, 2008. All the readout channels were checked and the 
average noise level was found to be ~ 0.7 mV with a pedestal spread of 180 mV. 
Now all the eight quadrants of Station 2 are fully ready for data taking. The 
major milestones concerning fabrication and validation of the quadrants of Station 2 
are summarized in Table 7.1 and Table 7.2 summarizes the milestones set for testing 
and validation of electronics readout planes of Station 2, while those for the testing 
and dehvery of MANAS devices are summarized in Table 7.3. 
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Table 7.1 Details of fabrication, installation and commissioning of Station 2. 
Item 
Chamber production at SINP, Kolkata 
AliRoot implementation of detector geometry and mapping 
All the 10 quadrants shipped to CERN 
High Voltage testing and validation at CERN 
Physical Installation of Station 2 
Cosmic Ray Run with Station 2 







January - February, 2008 
June, 2008 
Table 7.2 Summary of electronics readout boards of Station 2. 
Item 
Bus Board design for the bending and non-bending planes 
Caghari test bench set up at SINP 
Bus Board production 
Iterations, quality control and testing of Bus Boards 
Bus Boards shipped to CERN 
Bus Board testing at CERN 
Bus Board mounting 
Bus Board validation of 8 chambers 
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Table 7.3 Summary of production and delivery of MANAS chips. 
Item 
First production batch 
(which showed zero-gain channels at high temperature) 
Testing of other production lots 
(identification of good lots) 
Delivery of 4000 devices 
(tested manually at SINP, Kolkata) 
Production of fresh lot (S0515) at SCL, Chandigarh 
Testing of 800 devices of S0515 at SINP, Kolkata 
Production of MANAS devices re-started 
32000 devices packaged from 60 wafers 
after wafer-tests at UTAC, Singapore 
Final validation of Automatic Test Bench at UTAC 
Testing of first production batch devices at ATB, UTAC 
All devices tested manually at SINP, Kolkata 
Delivery of 23,900 devices 
Wafer production of the 2""^  production batch at SCL 
Wafer testing at UTAC 
Wafer production for the third batch 
Wafer testing and packaging 


















7.2 Future Perspective 
7.2.1 Detector functioning 
Fabrication, installation and successful commissioning of the Tracking Chambers were 
difficult and tedious tasks but still harder situations might be faced in the coming 8 
Chapter 7 180 
- 10 years. Successful operation of the chambers during the actual experiment will 
be very crucial for good quality data, which will enrich our knowledge about the 
behaviour of the nuclear matter under extreme temperatures and energy densities. 
7.2.2 Day one Physics 
The ALICE detector is capable of making a number of interesting measurements dur-
ing the initial proton - proton runs at y/s = lA TeV even when the luminosity is not 
likely to reach its designed value of 10^ cm"^s~^. The full proton - proton program of 
ALICE includes jet studies, measurements of resonances, photons and heavy flavors 
and detailed measurements of identified particle spectra. More generally, the AL-
ICE pp programme aims to study the non-perturbative strong coupUng phenomena 
relating to confinement and hadronic structure. A number of proposed "day one" 
measurements are described below. 
• The pp collisions at LHC energies will measure events with very high charged 
particle multiplicity at mid rapidity, 60 to 70, with good statistics. This event 
class may give access to initial states, where new physics phenomenon such as 
high density effect and saturation phenomenon are envisaged to set in. Also, 
local fluctuations of multiplicity distributions in momentum space and related 
scaling properties, intermittent behaviour, might be a possible signature of a 
phase transition to QGP. This makes it interesting to study such multiplicity 
fluctuations in pp collisions. 
• ALICE will measure charged particle spectra in rapidity and transverse mo-
mentum for a wide variety of particle species, including TT, p, p, A, K, etc. This 
allow to investigate various correlations between particles with higher pr- The 
correlation between mean pr and multiplicity is of particular interest. 
• Study of the energy dependence and the dependence on particle type of two -
particle correlations in the rapidity space appears to be quite interesting. 
• Measurement of heavy flavour production down to very low p^. 
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ALICE at LHC will answer many questions which still remain unanswered in 
the study of physics of proton-proton and Lead-Lead collisions at ultra - relativistic 
energies, ALICE will explore the conditions which is believed to have existed in the 
first instants of the Universe, just before a few microseconds after the Big Bang, when 
matter was in its primordial state, a 'soup' of quarks and gluons. It will allow study 
of the signatures of formation of quark - gluon plasma. This will help answer why 
quarks are confined in matter, rather than appearing on their own; and why quarks 
have larger masses when confined in particles such as protons and neutrons. It will 
revolutionise our understanding, from the minuscule world deep within atoms to the 
vastness of the Universe. 
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